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ABSTRACT 
  Elucidating the molecular events that integrate the patterning, 
morphogenesis, and differentiation of epithelial progenitor cells into complex tissues is a 
primary focus of epithelial developmental biology research. Expansion and maintenance 
of epithelial progenitor populations is crucial for developmental events, but growth must 
be tightly coupled to consequent cellular differentiation and specialization. The Hippo 
pathway has surfaced as an important regulator of epithelial progenitor identity: nuclear 
activity of the Hippo effector Yap maintains epithelial progenitor status while Hippo-
mediated nuclear exclusion of Yap by the Lats1/2 kinases induces differentiation. 
Extending this general theme into an additional organ system, the submandibular gland 
(SMG), as well as identifying upstream regulators of Yap and Lats1/2 in the developing 
lung was the goal of this work. Here, we describe important roles for Yap in the 
morphogenesis and patterning of lung and SMG epithelium, both of which are composed 
of highly organized branched structures. Epithelial-specific genetic ablation of Yap as 
well as its upstream negative regulators Lats1/2 was used to interrogate loss- and gain-of-
function phenotypes, whereby Lats1/2 ablation is known to result in unrestricted nuclear 
Yap activity. Loss of Yap in the SMG resulted in a striking deficiency of Krt5/Krt14-
 ix 
 
positive epithelial progenitor populations accompanied by impaired branching 
morphogenesis. Deletion of Lats1/2 in the SMG resulted in a massive expansion of 
Krt5/Krt14-positive epithelial progenitor populations that failed to terminally 
differentiate. As epithelial progenitors in the lung and SMG begin to differentiate, they 
also acquire distinct morphologies. In both the lung and the SMG, Krt5-positive basal 
cells lie beneath a layer of Krt8/Krt19-positive luminal cells. We observed that luminal 
cells exhibited a columnar morphology while basal cells retained a cuboidal morphology, 
and that this difference correlated with the expression of the polarity protein Crb3. After 
ablating Crb3 in the developing lung epithelium, luminal cells were unable to polarize, 
exhibited aberrant nuclear Yap activity, and remained in a progenitor state. Crb3 
functions to initiate Lats1/2 activity, promoting Yap phosphorylation and its consequent 
nuclear exclusion, which drives differentiation. Taken together, this work identifies 
essential roles for polarity/Hippo pathway-mediated control of Yap activity in epithelial 
progenitor expansion and differentiation. 
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CHAPTER ONE – MAIN INTRODUCTION 
 One of the essential features of life is the ability to create order against the 
universal tendency towards disorder. Epithelial polarity is a cellular example of this; that 
is, the asymmetric distribution of intracellular components.1 Cellular geometry and tissue 
architecture are intimately related to cellular function and specialization; the epithelium 
of the developing and adult lung and submandibular gland (SMG) displays regional 
morphological differences that are defined by physiological requirements.5-10 Ducts in the 
lung and the SMG consist of a rigid columnar epithelium that provides structural and 
barrier support to conduct air and fluid, respectively, while also serving to clear material 
from distal regions.3,4 In contrast, the distal alveoli of the lung and SMG acini are 
squamous and cuboidal, respectively, providing the maximal amount of surface area for 
efficient gas-exchange and excretion of saliva.2-4 The epithelium in both of these organs 
undergoes dynamic morphological changes as they develop, resulting in proximal and 
distal domains that are distinct in both structure and function.2-8 During branching 
morphogenesis, ductal regions synchronize epithelial polarization, differentiation, and the 
acquisition of stratified morphology.2-8 After branching, distal regions undergo the 
process of sacculation, during which the epithelium organizes into dilated terminal 
structures that facilitate their function.2-8 Abnormal epithelial structure is a pathological 
hallmark of several epithelial diseases, such as cancer, chronic obstructive pulmonary 
disease (COPD), and Sjogren’s disease.1-8 Understanding the relationship between these 
changes and downstream signaling is an important therapeutic approach, and highlights a 
major goal of this work. Disease progression often recapitulates developmental events, so 
 2 
the study of the developing lung and SMG is a valuable tool for basic biology and 
discoveries made in development have implications in translational medicine.1-8 
  The morphogenetic expansion, organization, and terminal differentiation of 
epithelial progenitors during development is a highly ordered process.2-4 As mentioned 
above, epithelial cells adapt specific polarized geometries as they develop, but how this 
variety in geometry is coordinated with cell fate specification remains largely unclear. 
The precise coordination of cell fate decisions with morphological changes is crucial for 
proper epithelial development, and aberrant cell fate decisions are a feature of many 
epithelial diseases.1-8 Using the developing lung and SMG as models, in which highly 
complex cell fate decisions are occurring, this work addresses important concepts in 
epithelial biology that have implications in disease etiology.  
Lung branching morphogenesis 
 The epithelium of the lung is derived from the anterior foregut endoderm, and the 
earliest respiratory progenitors are marked by expression of the transcription factor 
Nkx2.1 at approximately embryonic day 9 in the mouse (E9).11 Despite being the earliest 
known factor expressed in respiratory epithelium, Nkx2.1 null mice still have lungs, 
although they only consist of two main bronchi which lead to abnormal cystic structures, 
indicating failed branching morphogenesis.11 This discovery prompted further 
investigation into epithelial-mesenchymal interaction genes that may influence 
branching, since collagen and integrin proteins were shown to be diminished in these 
animals.12  
 3 
In Drosophila melanogaster (Drosophila), initial budding events of the 
developing trachea are stimulated by co-expression of a fibroblast growth factor (FGF) 
ligand (branchless) and receptor (breathless) at prospective endodermal bud regions.13 In 
mammals, ablation of either fibroblast growth factor 10 (FGF10) or fibroblast growth 
factor receptor 2b (FGFR2b) results in lung agenesis in addition to other developmental 
aberrations.14-16 Upstream of FGF signaling lies retinoic acid (RA) signaling, which 
induces expression of FGF10 in the mesoderm adjacent to an eventual bud.17 Chemical 
inhibition of RA signaling in explant cultures results in a lack of FGF10 ligand and a 
consequent failure to branch (Illustration 1).17  
 Sonic hedgehog (Shh) signaling and its associated Gli family zinc finger (Gli) and 
T-box (Tbx) transcription factors have also been implicated in branching 
morphogenesis.18 Gli2/Gli3 double knockout mice fail to specify respiratory structures 
and die by E10.5.19 Shh null mice specify the lung domain and successfully form the 
primary bud structure off of the endoderm, but fail to branch from that point forward 
which results in a cyst.20  
 Interplay between nascent buds and the associated mesenchyme results in 
signaling events that control proliferation of the budding epithelium (size) as well as the 
architecture of the overall structure (shape).2,4,6 This is a result of interactions between the 
aforementioned pathways (FGF, RA, and Shh) as well as the sprouty (Spry) pathway.2,4,6 
Spry genes encode a family of proteins that regulate the temporal signal strength of 
activated receptor tyrosine kinases (RTK) that result from ligand-binding by FGFs.21 By 
modulating the FGF mitogenic signal, Spry proteins serve to balance bud formation with 
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tubule extension.2,4,6 Consistent with this, inhibition of Spry proteins in lung explant 
cultures enhances branching22 while activation inhibits branching.23,24 
 As budding progresses, distinct proximal and distal domains form that give rise to 
the airways and alveoli, respectively.2,4,6 Bone morphogenetic protein (BMP) signaling 
has been shown to regulate the distal domain, whereby inhibition of BMP4 increases 
airway cell types at the expense of alveolar cell types.25 BMP4 and FGF signaling inhibit 
each other in endoderm explant systems, supporting a model in which FGF controls 
morphogenesis via proliferation, while BMP4 inhibits FGF to initiate distal epithelial 
fates while also shifting FGF signaling laterally so that a single bud bifurcates into two.26  
 Wnt signaling, as measured in nuclear beta-catenin (β-catenin) reporter mice, is 
active in distal regions of the branching lung epithelium.27 Inhibition of Wnt signaling 
results in defective branching and a reduction in distal lineages accompanied by an 
expansion of proximal lineages, partly through a lack of robust BMP4 and FGF signaling 
driven by β-catenin.28,29  
 Transforming growth factor beta (TGFβ) signaling also plays a role in branching 
morphogenesis. Stromal-derived TGFβ1 accumulates in regions along tubules as well as 
between buds (at proximal-distal transition areas), where there are also elevated levels of 
extracellular matrix (ECM) components such as collagens and fibronectin.30 Culturing 
lung explants with exogenous TGFβ1 inhibits branching morphogenesis31, while TGFβ1 
knockout displays no apparent structural defect.32 However, whether compensation by 
other family members or transfer of maternal TGFβ1 rescued this knockout is  
 
 5 
 
 
Illustration 1. The major pathways involved in lung branching. 
In an Nkx2.1 positive respiratory epithelium, retinoic acid-induced FGF signaling in the 
adjacent mesoderm stimulates the initial lung epithelial outgrowth and bud formation 
event. Sprouty-mediated regulation of FGF signal intensity promotes bifurcation, while 
Shh/Wnt/BMP4 specify distal epithelial lineages and enhance branching morphogenesis. 
TGFβ accumulation along maturing tubules inhibits FGF signaling to prevent ectopic 
budding events. 
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debatable.32 Interestingly, TGFβ has been shown to potently inhibit FGF10 expression, 
and therefore may serve to prevent ectopic budding in regions where it is no longer 
required.33 
 Although it is clear that the complex integration of multiple signaling pathways is 
required for lung branching morphogenesis to occur, what lies downstream of all of these 
signals has been elusive. In Drosophila, FGF signaling induces actin cytoskeletal 
remodeling that results in directed epithelial migration.34-36 However, differential local 
proliferation does not explain bud formation37 and therefore it is likely a patterning and 
migratory event. 
 While there is considerable information about stromal-derived factors and ligands 
that influence branching morphogenesis, identifying additional epithelial transcription 
factors and proteins that regulate these events is a continuing goal for lung developmental 
biologists.   
SMG branching morphogenesis 
 The salivary network in mammals is composed of three pairs of major glands, the 
submandibular gland (SMG), the sublingual gland (SLG), and the parotid gland (PG), of 
which the SMG is the most thoroughly studied.3 Organogenesis of these structures 
involves several cell types, most notably epithelial, myoepithelial, mesenchymal, and 
neuronal populations.3 Composite interplay between these cell types directs the initiation, 
development, and maturation of the SMG epithelium, yet the temporal dynamics and 
precise relevance and relations amongst these events is poorly understood.38,39 
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 Additionally, the embryonic origin of the SMG epithelium is unclear and 
controversial, due to the fact that the boundary between the ectoderm and the endoderm 
in the oral cavity is not known.38,39 The PG is thought to be derived from the oral 
ectoderm at the roof of the oral cavity, while the SMG and SLG are believed to arise 
from the endoderm on the floor of the oral cavity, and even these general conclusions 
remain debated in the field.38,39  
 Mice lacking transformation related protein 63 (p63, Tp63, Trp63) exhibit SMG 
agenesis, but p63 is expressed in both the endoderm and the ectoderm.40 Evidence that at 
least a portion of the SMG epithelium is of ectodermal origin comes from humans with 
hypohidrotic ectodermal dysplasias (HED), where SMGs are abnormal.41 Salivary gland 
progenitor cells can be differentiated in vitro into endodermal lineages, but this is not 
considered formal proof of lineage.42,43 Further complicating this question is the 
discovery that vertebrate axolotls derive teeth from a mixed ectodermal/endodermal 
population44, but whether this reflects mammalian salivary gland biology is uncertain. 
Definitive proof of the embryonic origin of the major salivary glands has yet to be 
performed by either lineage tracing or fate mapping experiments, and would be a 
significant advancement to the field. 
 SMG organogenesis is initiated by a localized condensation of oral epithelium 
and mesenchyme at E11 in mice, accompanied by migrating neural-crest-derived 
neuronal bodies that form the parasympathetic submandibular ganglion (PSG).38,39 
Between E12 and E12.5, an invagination of the oral epithelium forms the primary bud 
into the condensed mesenchyme.45 As with the lung, it is clear from heterotypic 
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epithelium/mesenchyme mixing experiments that signals originating from the 
mesenchyme are required for SMG branching morphogenesis.46 Likewise, an 
FGF10/FGFR2b signaling axis is critical for the induction and development of the SMG 
branching program, with ablation of either of these genes resulting in SMG agenesis.14,48 
Interestingly, heterozygosity at these alleles only results in SMG hypoplasia.49 In 
humans, mutations in either FGF10 or FGFR2 result in salivary aplasia or hypoplasia.50 
Following the same mechanism as in the lung, FGFR-mediated RTK signaling in the 
epithelium drives proliferation and expansion of nascent buds.51 The Spry family of 
genes is involved in regulating FGF signaling during SMG budding in the same manner 
as in the lung, by inhibiting FGF-mediated RTK-signaling to modulate temporal 
dynamics and signal intensity (Illustration 2).52  
 Branching dynamics in other organs, such as the lung and mammary gland, 
involves proliferative bud outgrowth, followed by bifurcation induced by Spry/FGF 
dynamics as mentioned above.26,53 In contrast, SMG branching utilizes a clefting 
mechanism which manifests as small indentations on a single bud.54 A subset of these 
initial indentations stabilize and enlarge to form bona fide clefts, resembling a clover leaf, 
which is accomplished by accumulation of ECM proteins such as collagens, laminins, 
and fibronectin at the site.51,55-58 Several isoforms of collagen are present in these clefts, 
including collagen I, III, and IV, and either chemical inhibition of collagen synthesis or 
collagenase treatment inhibits SMG branching morphogenesis ex vivo.59-61 Similarly, 
treatment of SMG explants with collagenase inhibitors enhances branching 
morphogenesis and clefting morphology.56,62 What remains unclear is whether collagens 
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have an active role in the clefting process or if they serve primarily to stabilize clefting 
regions.  
 Fibronectin has emerged as a critical ECM molecule involved in SMG branching 
morphogenesis and clefting.58 Upon accumulating at the basement membrane of nascent 
clefts, fibronectin reduces epithelial cadherin (E-cadherin) expression, thus converting 
cell-cell adhesion into cell-ECM adhesion, which in turn facilitates clefting.58,63 As they 
enlarge, clefting regions upregulate the transcription factor BTB-domain containing 7 
(BTBD7), which in turn upregulates the transcription factor snail family transcriptional 
repressor 2 (Snai2, formerly known as Snail2/Slug).63 Snai2 is a well-known epithelial-
mesenchymal transition (EMT) transducer, and thereby also reduces E-cadherin 
expression in clefting domains and promotes epithelial/ECM interactions.63 
 Cytoskeletal remodeling and contraction also participates in cleft development.64 
Inhibition of Rho-associated protein kinase 1 (ROCK1) halts the clefting process in the 
indentation stage.64 ROCK1 promotes the deposition of fibronectin at clefting sites while 
simultaneously stimulating cell proliferation, thus linking epithelial contractile events to 
cleft progression.64  
 A genetic model that particularly affects clefting is the laminin alpha 5 (Lama5) 
knockout mouse, in which the primary bud continues proliferating and enlarging but does 
not form additional buds (does not cleft) in ex vivo culture.55 Exogenous FGF10 rescues 
branching defects after Lama5 siRNA knockout in culture, and knockdown of FGF10 
reduces Lama5 expression, supporting a reciprocal relationship between the two 
molecules.55 
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 FGF-mediated branching morphogenesis in the SMG involves additional growth 
factors including the platelet-derived growth factors (PDGFA and PDGFB), whereby 
PDGFA and PDGFB stimulate FGF10 expression and can rescue its loss, and vice 
versa.65 Loss of epidermal growth factor (EGF) signaling also impairs SMG branching 
morphogenesis.66,188 Function blocking antibodies against the EGF receptor (EGFR) and 
Erb-B2 receptor tyrosine kinase 3 (Erbb3) ligands heparin binding EGF like growth 
factor (HBEGF) and neuregulin 1 (Nrg1), respectively, inhibits ex vivo SMG branching.67 
Conversely, treatment of SMG explants with EGF stimulates cleft formation and 
branching morphogenesis.67 
 Another developmental process unique to the SMG compared to the lung is the 
formation and innervation of the PSG, where PSG axons express the neurotransmitter 
acetylcholine (Ach).68 As the SMG epithelium undergoes the branching program, PSG 
axons extend along the epithelial basement membrane, but not into the mesenchyme.68 
Recently, it has been shown that one of the functions of the PSG is to secrete factors that 
maintain the cytokeratin 5 (Krt5) SMG epithelial progenitor population in an EGFR-
dependent manner.69 Krt5 positive epithelial progenitors, as well as other SMG 
progenitor populations, will be discussed further in a following section.  
 There are many similarities, as well as differences, between lung and SMG 
branching morphogenesis. As with the lung, there is a wealth of knowledge regarding 
SMG stromal factors and ligands that regulate branching, but what lies downstream is 
unclear. While there are a number of transcription factors, like BTBD7 and Snai2,  
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Illustration 2. The major pathways involved in SMG branching. 
Similar to the lung, FGF/Sprouty signaling is central to budding and clefting events. 
PDGF signaling enhances FGF signaling, and vice versa. At nascent clefts, matrix 
deposition stabilizes clefting morphology, which is stimulated by HBEGF/Nrg1-induced 
EGFR activation. Epithelial transcription by BTBD7 stimulates Snai2 expression, which 
promotes EMT and cell-matrix interactions. As a result, cytoskeletal tension activates the 
ROCK pathway, which enhances clefting. Innervation along the basement membrane by 
the PSG stimulates epithelial growth and cell fate progression, promoting ductal 
maturation. 
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involved in SMG branching events, their concurrent roles in SMG cell fate specification 
are unknown. Identification of additional transcription factors and signaling pathways 
that govern SMG branching morphogenesis and/or cell fate specification will be of great 
interest to the field. 
 Lung airway epithelial progenitors 
 Basal cells, so named due to their contiguity with the epithelial basal lamina, are a 
facultative progenitor population present in stratified and pseudostratified epithelia 
throughout the body, including the airways of the mouse and human lung, as well as the 
SMG.69,70 These cells are rich in cytoskeletal, junctional, and adhesive proteins to 
establish a robust connection with the underlying ECM as well as with the adjacent 
epithelia.70,71 Over the last decade, there has been compelling experimental evidence that 
these cells represent a multipotent progenitor population capable of restoring the entire 
host of airway epithelial lineages.71,72  
 A defining characteristic of basal cells is robust expression of the transcription 
factor p63, of which their development is dependent based on knockout mouse studies.73 
Basal cells are also marked by expression of the cytoskeletal protein Krt5, while a subset 
of basal cells also expresses cytokeratin 14 (Krt14), which is elevated in number upon 
airway injury.72,74 The functional significance of differential keratin expression in basal 
cells is unclear, but is often associated with fate decisions as well as disease progression 
such as squamous metaplasia.70,71  
 Pulse-labeling studies have shown that both basal cells and non-ciliated luminal 
cells proliferate in the steady state or in response to injury.75,76 Similarly, other 
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foundational studies demonstrated that adult rat basal cells purified by flow cytometry 
exhibited colony-forming ability and could regenerate a complete mucociliary epithelium 
after engraftment onto decellularized rat tracheas and transplantation subcutaneously in 
nude rats.77,78 Intriguingly, the basal-cell-depleted fraction was still capable of reduced 
colony forming and regeneration of airway epithelium, suggesting that a subpopulation of 
luminal cells was capable of transdifferentiation.77,78 It was not until lineage tracing 
studies could be performed that it was confirmed that secretoglobin family 1A member 1 
(Scgb1a1) positive luminal cells had this capability.79 Recently, it was demonstrated that 
Scgb1a1 positive cells can dedifferentiate and create basal cells after basal cell ablation.80  
  All luminal cells express cytokeratin 8 (Krt8), which is almost always mutually 
exclusive to Krt5 expression.70 However, a rare subset of Krt5 positive basal cells co-
express Krt8, and these are thought to be basal cells that are primed to differentiate into 
luminal lineages.81 Luminal cells in the lung adapt a rigid, columnar morphology, and 
their nuclei are positioned in the lower half of the cytoplasm.8 This allows for an 
expansive cytoplasm which enables the primary functions of these cell types: 
ciliogenesis, secretoglobin secretion, and mucus production.8,70 This is in contrast to basal 
cell morphology, which is cuboidal with a minimal cytoplasm.70 
 Whether or not there is a functional relationship between these morphological 
differences and the acquisition of their respective cell fates in the developing lung is 
unclear. Structural features of cells often delineate functional and lineage differences, and 
further exploration of this concept in the lung is warranted. 
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SMG epithelial progenitors 
 Similar to the lung, it is clear that there are multiple epithelial progenitor 
populations within the developing SMG.82 Progenitors expressing KIT proto-oncogene 
receptor tyrosine kinase (Kit) are capable of regenerating the SMG epithelium in 
irradiated mouse SMGs.83 In development, Kit positive cells are localized to the endbud 
region and Kit signaling works in concert with FGF signaling to maintain a Krt14 
positive multipotent progenitor population.84 In turn, these cells direct ductal 
morphogenesis by communicating with the PSG neuronal niche and promoting the 
specification of Krt5 positive ductal progenitors.69 Kit/Krt14 positive cells secrete 
neurturin (NRTN), which promotes the survival and axon extension of the adjacent 
PSG.69 The PSG then promotes ductal expansion and maturation of Krt5 positive ductal 
progenitors in an EGFR-dependent manner, but the precise mechanistic crosstalk 
between these cell types remains unclear.69 Lineage tracing experiments have shown that 
both Krt5 and Krt14 positive cells are capable of giving rise to several SMG epithelial 
cell populations, identifying these cells as definitive SMG multipotent progenitors.84 
 Wnt signaling has been shown to regulate SMG epithelial progenitor cell biology, 
where its forced activation expands the Krt5/Krt14 progenitor pool.85 Similarly, addition 
of exogenous NRTN to SMG explants stimulates the PSG, which in turn enhances Krt5 
ductal progenitor development.86 
 Salivary gland progenitor development involves the communication between 
several cell types and signaling pathways.82 Identifying additional epithelial-specific 
transcription factors and pathways that regulate these processes will enhance our 
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understanding of SMG epithelial progenitors as well as direct therapeutic efforts, as stem 
cell therapy is a major approach for treating salivary gland diseases, such as Sjogren’s 
disease.83  
The Hippo signaling pathway and epithelial polarity 
 Integration between proliferation, apoptosis, morphogenesis, and differentiation is 
critical during epithelial development.2-4,87 The Hippo pathway has surfaced as a 
fundamental regulator of these events, coupling morphological and cytoskeletal changes 
to cell fate specification.87 Discovered in Drosophila as an organ size determinant88-94, 
this role for the Hippo pathway has recently been greatly expanded into the mammalian 
system.  
 A forward genetic screen in Drosophila searching for candidates that promoted 
tissue overgrowth identified a conserved kinase cassette composed of the Hippo kinase, 
the Warts kinase, and the adaptor proteins Salvador and Mob.87-94 Stimulation of this 
cascade resulted in the downstream phosphorylation of the transcriptional regulator 
Yorkie (Yki) by Warts, which shifted its localization from the nucleus to the cytoplasm.88 
Transcriptionally, Yki is pro-proliferative and anti-apoptotic, exerting these effects 
through its cofactor transcription factor Scalloped.95-97 Upon Yki binding, Scalloped-
mediated default repression is lost, driving activation of target genes.98 Unrestricted Yki 
activity drives overgrowth phenotypes, which identified it as the primary driver in these 
early genetic screens.98 Global interactome studies have implicated numerous additional 
players in the Drosophila Hippo system, including those that control cell adhesion, the 
cytoskeleton, and epithelial polarity (Illustration 3).99-101  
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Discovery of the mammalian Hippo pathway 
Conservation of the Hippo cascade throughout the animal kingdom is profound, 
and expands upon its initial role in Drosophila.87 In mammals, the majority of Hippo 
biology has stemmed from the study of the Yki homologs yes associated protein (Yap) 
and WW domain containing transcriptional regulator 1 (Wwtr1, or Taz).102-104 A crucial 
aspect of Hippo pathway regulation was uncovered when it was found that 
phosphorylation on conserved serine residues (serine 89 in human Taz, serine 127 in 
human Yap, serine 112 in murine Yap) directed cytoplasmic binding to 14-3-3 proteins 
and consequent nuclear exclusion.104 This event was shown to be mediated by the Warts 
kinase homologs large tumor suppressor 1 and 2 (Lats1 and Lats2, Lats1/2), upstream of 
which are the Hippo kinase homologs mammalian Ste-20 like protein kinase 1 and 2 
(Mst1 and Mst2, Mst1/2).87 Additionally, the mammalian homologs of Scalloped, the tea 
domain transcription factors 1-4 (TEAD1, TEAD2, TEAD3, TEAD4), are also well 
conserved, thus establishing a mammalian Hippo module that greatly resembles the 
Drosophila counterpart, and likely has additional divergent functions.105,106  
Upstream regulation of the Hippo pathway 
 Regulation of the Hippo pathway by mechanical, cytoskeletal, and polarity cues 
has uncovered its role in cell fate decisions.107,108 In mesenchymal stem cells, 
mechanically activated Taz/Yap promote osteogenic differentiation, while depletion of 
Taz/Yap promotes adipogenesis, thus converting cytoskeletal information into fate 
decisions.107 These mechanical signals are also realized via cell-cell contacts, which have 
traditionally been shown to exert contact inhibition-mediated growth arrest.109 Consistent 
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with this, contact-inhibited cells exhibit cytoplasmic Taz/Yap, while isolated cells exhibit 
nuclear Taz/Yap, thus coupling cell density to Hippo signaling.110  
 The establishment of epithelial cell apical-basal polarity is dependent on intact 
cell contacts, thus implicating cell polarity determinants as potential Hippo regulators.87 
The mammalian Crumbs complex has been identified as an interactor with both Taz/Yap 
and upstream Hippo components such as Lats1/2 and 14-3-3.111 The Crumbs complex is 
an essential determinant of the apical epithelial domain, and thus serves as a link between 
apical polarity and Hippo signaling.111,112 Knockdown of Crumbs3 (Crb3) in polarized 
epithelial cells was shown to induce nuclear Taz/Yap localization, independent of contact 
inhibition at high density.111 Angiomotin (Amot), a Crb3-associated polarity regulator, 
also associates with Taz/Yap and regulates their localization in polarized epithelia.111,113-
115 Interestingly, these studies may reflect a scaffolding function for Crb3 and Amot at 
cell junctions to promote Taz/Yap/Lats1/2 interactions and thus activated Hippo 
signaling.116  
 Neurofibromin 2 (NF2, or Merlin) is frequently mutated in cancers and has been 
shown to regulate Taz/Yap activity.117 NF2 associates with polarity determinants 
partitioning defective 3 (Par3) and alpha catenin (α-catenin)118 and recent work has 
shown that it regulates Warts kinase activity in a polarized manner independent of 
upstream Hippo activity.119 Yap itself also binds α-catenin, which restricts Yap in the 
cytoplasm.120,121 Likewise, knockdown or knockout of α-catenin promotes Yap nuclear 
localization in mammalian cells and skin, which induces progenitor 
characteristics.111,120,121 Scribble (Scrib), a basal-lateral polarity determinant, also 
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regulates Hippo-mediated Yap localization.122 Loss of Scrib in mammary epithelial cells 
promotes nuclear Yap activity, where it functions to bridge Yap with the Lats1/2 and 
Mst1/2, initiating the Hippo signal.122 Interestingly, there are also polarity-associated 
proteins that antagonize Hippo scaffolding and signaling, most notably the Ajuba Lim 
protein (Ajuba), LIM domains containing 1 (LIMD1), and Wilms tumor 1 interacting 
protein (WTIP).123 Overall, cytoplasmic localization of Yap depends on 14-3-3 binding, 
which are proteins intrinsically associated with epithelial polarity.124 Extending these 
general themes into additional organs with unique lineages and architecture will enhance 
our understanding of polarity-mediated Hippo control and its effect on cell fate. 
The Hippo pathway and stem cell regulation 
 Taz/Yap involvement in mammalian cell fate decisions is best evidenced by the 
first cell fate decision embryos must undertake, to become either trophectoderm (TE) or 
inner cell mass (ICM).87 Embryos at the 8-cell stage compact, generate differential 
apical-basal polarity, and therefore differential Hippo signaling.125 Together with the 
TEAD family transcription factors, cells with nuclear Taz/Yap upregulate caudal type 
homeobox 2 (Cdx2), thus specifying the TE.126,127 Loss of TEAD4 results in a failure to 
induce Cdx2, and a resultant lack of TE specification.128,129 Ablation of both Taz and Yap 
results in defects prior to TE specification, but interestingly ablation of either gene alone 
does not affect this stage of development, indicating redundancy.126,130,131 Conversely, 
deletion of Lats1/2, which results in unregulated nuclear Taz/Yap activity, promotes high 
Cdx2 expression levels and thus favors TE over ICM development.126 Linking this to cell 
polarity, deletion of Amot phenocopies the deletion of Lats1/2.132 The mechanism of 
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Amot activity in this context relies on polarization, whereby Amot promotes NF2/Lats1/2 
association at junctions to initiate Hippo signaling.132  
The Hippo pathway in organ development 
 In organ development, Taz/Yap regulation and function appear to be context-
dependent.87 As a general theme, nuclear Taz/Yap activity promotes progenitor cell 
expansion and survival, while Hippo-mediated nuclear exclusion of Taz/Yap induces 
cellular maturation and differentiation.87 In branching organs, such as the kidney and 
lung, Hippo dynamics have been shown to be heavily involved in proper tissue 
development.87 
 Taz deficient kidneys develop polycystic kidney disease and exhibit elevated 
levels of polycystin 2 (PC2), a gene that has roles in ciliogenesis and is involved in 
polycystic disease.133-136 Cystic regions in these animals have dysregulated Wnt 
signaling, suggesting a role for hyperactive β-catenin in disease pathogenesis.137 
Intriguingly, deletion of Yap in the kidney results in kidneys lacking glomeruli or 
proximal tubules, indicative of a branching defect.138 Loss of cell division control protein 
42 homolog (Cdc42), a master regulator of cell polarity, in the kidney results in a similar 
phenotype to that of Yap loss, suggesting that polarity-mediated regulation of Yap in this 
organ is critical.138  
 Taz deficient lungs exhibit an alveolarization defect that approximates human 
emphysema.133-136 Interestingly, Taz interacts with the transcription factor Nkx2.1, which 
is critical for lung development11,12, but does not affect Nkx2.1 target gene expression.135 
Taz deficient lungs are resistant to injury-induced fibrosis, suggesting that the role of Taz 
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in the lung may be in fibrotic response.135 Conditional deletion of Mst1/2 using an 
Nkx2.1-driven cre recombinase (cre) in the respiratory epithelium led to perinatal 
respiratory failure, but these defects were observed to be a result of deregulated forkhead 
box a2 (FoxA2) activity, rather than being associated with Taz/Yap.139 Unexpectedly, by 
simply using a different conditional cre driver to delete Mst1/2, Shh-cre, a separate study 
identified a role for Yap localization dynamics in the developing and perinatal lung.140 
Here, it was shown that Mst1/2 loss induced persistent nuclear Yap activity, which 
enhanced proliferation and inhibited differentiation of lung epithelial cells, resulting in 
airway hyperplasia.140 Further, Yap phosphorylation was decreased and transcriptional 
output was increased, which was in part regulated by Ajuba.140 This suggested an 
important role for Yap in developing and maturing lungs that involved junctional 
proteins, but also warranted further investigation.  
 Conditional deletion of Yap in the developing lung epithelium using a Shh-cre 
driver results in embryonic lethality and a severe branching defect.141 Yap deficient lungs 
fail to branch, which results in a hypoplastic cystic structure, devoid of airway cell fates 
and showing impaired distal fate progression.141 It was further shown that Yap 
localization was dynamic throughout development, with wild type (WT) distal buds 
(cuboidal morphology) exhibiting nuclear Yap and proximal airways (columnar 
morphology) exhibiting cytoplasmic Yap, indicating differential Hippo signaling along 
this axis.141 The cause for the branching defect was found to reflect a small population of 
airway cells immediately adjacent to distal buds which contained nuclear Yap, dubbed 
the proximal-distal “transition zone.”141 Here, nuclear Yap signaling, combined with a 
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stromal source of TGFβ, instructed transition from a distal fate into a proximal fate.141 
Yap has been shown to regulate TGFβ signaling in other systems, resulting in a model in 
which Yap/TGFβ synergy at the proximal-distal transition zone regulates lung branching 
morphogenesis.111,141-143  
The Hippo pathway in adult stem cells 
 The role of Yap in adult lung stem cells has been explored by gain- and loss-of-
function studies in the adult airway.144 Ablation of Yap using a Krt5-driven cre results in 
spontaneous differentiation of basal cells and a simplification of the epithelium.144 
Conversely, overexpression of Yap in Krt5 positive basal cells results in basal cell 
hyperplasia.144 Additionally, forced expression of nuclear Yap in differentiated luminal 
cells results in dedifferentiation into an intermediate cell type that was positive for both 
basal and luminal markers.144 Finally, Yap nuclear activity was shown to be intimately 
related to the role of p63 in basal cells, whereby deletion of one allele of p63 in Yap-
overexpressing basal cells was sufficient to rescue the hyperplastic phenotype.144 Yap and 
p63 were shown to co-regulate many important basal cell genes, supporting an essential 
role for Yap in basal cell identity.144 An important question raised by these studies was 
identifying what lies upstream of Yap. Given the morphological differences between 
proximal and distal regions, as well as between basal and luminal cells, differences in 
cellular architecture, mechanical forces, and epithelial polarity are attractive candidates.  
The Crumbs complex and epithelial polarity 
 Pioneering studies in Drosophila and Caenorhabditis elegans (C. elegans) have 
identified three major epithelial polarity modules, the Crumbs, Par, and Scribble 
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Illustration 3. The Hippo pathway and epithelial polarity. 
The mammalian Hippo kinase cascade begins with activated-Mst1/2 phosphorylation of 
Lats1/2, which in turn phosphorylate Yap, binding it to 14-3-3 proteins in the cytoplasm. 
Hypophosphorylated Yap translocates into the nucleus and modulates transcription. 
Upstream of the Hippo pathway, polarity complexes, such as the Crumbs and Scrib 
complexes, are thought to bridge interactions between Mst1/2, Lats1/2, and Yap to 
activate Hippo signaling, coupling epithelial polarization to the Hippo pathway. 
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complexes.112,145 Further study has revealed that, rather than functioning as discrete 
polarity units, these complexes participate in a complex interplay to balance apical, 
lateral, and basal components.146 Crumbs (Crb) proteins are type 1 transmembrane 
proteins that were initially identified as apical determinants in Drosophila147-149 and have 
since been shown to be involved in cell proliferation and survival, at least partly through 
the Hippo pathway.150 The intracellular domain of Crb proteins contains a PSD-95/Discs 
large/ZO-1 (PDZ) binding motif as well as a 4.1/ezrin/radixin/moesin (FERM) domain, 
which mediate the assembly of the Crb complex as well as interactions with the 
cytoskeleton to generate polarity.112  
 The FERM-domain containing protein Expanded, an upstream member of the 
Hippo pathway, has been shown to bind to the Crb intracellular domain to regulate Hippo 
signaling in Drosophila.150-157 Without Crb, Expanded is delocalized from the plasma 
membrane which inactivates Hippo, leading to overgrowth.150-157 While Crb-mediated 
regulation of Hippo signaling has been established and studied extensively in Drosophila, 
translating this concept to the mammalian system has not yet been completed.  
 Crb downstream effects have been investigated extensively, but upstream signals 
remain unclear.112 It is thought that levels and apical localization, as well as interplay and 
mutual exclusion with basal and lateral determinants, are the driving forces for 
establishing a polarized epithelium.158,159  
 In mammals, there are three Crb isoforms (Crb1-3), with Crb3 being the most 
divergent.112 Crb1 and Crb2 have large extracellular domains with EGF-like and lamin-
A-G-like repeats148, while Crb3 only carries a small vestigial extracellular domain.160 
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Therefore, it is likely that differences in domain structure confer differences in function. 
Additionally, a role for Crb3 over other Crb isoforms in the developing lung is supported 
by the observation that Crb3 mRNA is the only Crb isoform detectable in this tissue.151  
 In conclusion, there is ample evidence for a regulatory relationship between 
polarity determinants and the Hippo pathway during mammalian organogenesis. Further 
investigation into this possibility using novel floxed alleles as well as conditional cre 
drivers will generate insight into this potential mechanism. We hypothesize that Crb3-
mediated epithelial polarity is coupled to the regulation of the Hippo pathway and, 
ultimately, dictates Yap localization. In turn, Yap localization dynamics controls the fate 
of epithelial cells, whereby nuclear Yap facilitates progenitor identity and its shift into the 
cytoplasm allows for differentiation. We believe that genetic and physical disruptions in 
epithelial polarity will lead to disruption of Hippo signaling and aberrant nuclear Yap 
localization, resulting in irregular cell fate decisions. Deleting Crb3 in the developing 
lung, as well as Yap and the Lats1/2 kinases in the developing SMG, will yield insight 
into this hypothesis as well as how it relates to epithelial branching morphogenesis. 
Results from these experiments will generate additional hypotheses about disease 
pathologies, as disrupted epithelial architecture and atypical fate decisions are present in 
several epithelial diseases.  
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CHAPTER TWO – MATERIALS AND METHODS 
Mice 
 Developmental and adult expression studies on wild type mice were performed 
using C57BL/6J mice. The Yap-loxP/loxP mice were generously provided by Dr. Jeff 
Wrana (LTRI, Toronto, CN) in an ICR/S129 mixed background and bred with C57BL/6J 
Shh-gfpcre (Jackson Laboratories, #005622) mice to generate Yap-conditional null 
(cnull) animals. The Lats1-loxP/loxP and Lats2-loxP/loxP mice were generously 
provided by Dr. Randy Johnson (MD Anderson, Houston, TX) and bred to the Shh-
gfpcre mice to generate Lats1/2-cnull animals. To conditionally delete the Crb3 gene in 
vivo, we created a Crb3-loxP/loxP mouse line at the Mouse Biology Program at the 
University of California, Davis. This was achieved by designing a targeting construct that 
introduced loxP sites flanking the entirety of Crb3 coding sequence. Positive selection 
markers accompanied each loxP site (neomycin [neo] and puromycin [puro]), allowing 
independent selection of both loxP sites. We designed the construct so that frt sites 
flanked the neo cassette and rox sites flanked the puro cassette, allowing future selective 
deletion of these regions. ES cells containing the loxP-flanked Crb3 gene were injected in 
blastocysts of C57BL/6J mice to generate chimeric mice. Chimeric mice were bred to 
achieve germline transmission and then mated to (Actin-Flippase) Act-Flp mice to 
remove the neo selection cassette, and then (Actin-Dre recombinase) Act-Dre to remove 
the puro selection cassette. For deletion of Crb3 in mice, we crossed Crb3-loxP/loxP mice 
with Crb3-loxP/+; Shh-Cre/+ mice, enabling the expression of Cre recombinase and 
subsequent deletion of all exons (exons 2-6) of Crb3 in the developing endoderm (see 
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Figure 2.9 for design and targeting outline). Genotyping of the Crb3 deleted mice was 
conducted using the primers and protocol described in Table 1. All animal experiments 
were done in accordance with protocols approved by Boston University School of 
Medicine (Institute Animal Care and Use Committee protocol: AN-15304). 
Ex Vivo SMG Organ Cultures 
 SMG explants were cultured as previously described.161 Briefly, freshly dissected 
E13.5 SMGs were placed on nucleopore filters for 24 hours and were either lysed for 
RNA isolation or fixed for immunostaining. When indicated, explants were treated with 
dimethyl sulfoxide (DMSO) or phosphate buffered saline (PBS) as a control, 0.5 μg/mL 
epiregulin (Fisher; 1068EP050) or 10 μM AG1478, an EGFR inhibitor (Sigma; T4182). 
Microarray Analysis 
 E15.5 WT and Yap knockout SMGs were dissected and the epithelium was 
separated from the mesenchyme as described.162 RNA was extracted from the epithelium 
using either the RNeasy kit or the miRNeasy Micro kit (QIAGEN). The amount of isolated 
RNA was normalized and automated sample amplification and biotin labeling were carried 
out using the NuGEN Ovation RNA Amplification system V2, Ovation WB reagent and 
Encore Biotin module according to manufacturer’s recommendations using an Arrayplex 
automated liquid handler (Beckman Coulter). Two micrograms of biotin labeled sscDNA 
probe were hybridized to a GPL11180 [HT_MG-430_PM] Affymetrix Array Plate with 
modified conditions as previously described.163 Washing and staining of the hybridized 
arrays were completed as described in the GeneChip Expression analysis technical manual 
for HT plate arrays using the Genechip Array Station (Affymetrix) with modifications as  
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Table 1. Genotyping details for the Crb3 knockout mice. 
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previously described.163 The processed GeneChip plate arrays were scanned using 
GeneTitan scanner (Affymetrix). The arrays were normalized together using the Robust 
Multiarray Average (RMA) algorithm and a CDF (Chip Definition File) that maps the 
probes on the array to unique Entrez Gene identifiers. Principal Component Analysis 
(PCA), pairwise t tests, “moderated” t test, Benjamini-Hochberg False Discovery Rate 
(FDR) correction was applied to obtain FDR-corrected p values (q values). Gene Set 
Enrichment Analysis (GSEA) were performed on the array data. Data from our microarray 
experiments are available on the NCBI Gene Expression Omnibus (GEO) database (Series 
ID GSE90480). 
qPCR 
 For quantitative real-time PCR, RNA was extracted using the RNeasy kit or 
miRNeasy Micro Kit (QIAGEN) and reverse-transcribed using iScript enzymes (BioRad). 
TaqMan reactions were performed using Universal Master Mix II, with UNG (Applied 
Biosystems). TaqMan primers (Applied Biosystems) were used for some experiments, 
including those examining the following genes: Gapdh (Mm99999915_g1), Krt5 
(Mm01305291_g1), Tp63 (Mm00495788_m1), FoxJ1 (Mm01267279_m1), Scgb1a1 
(Mm00442046_m1), and Muc5ac (Mm01276718_m1). Reactions for other genes were 
prepared using Fast SYBR Green Master Mix (Applied Biosystems; 4385612) and carried 
out in a ViiA7 Real-Time PCR System (Applied Biosystems) and analyzed using the delta-
delta-cycle-threshold (ddCT) method, normalized to GAPDH. Primer sequences are listed 
in Table 2. Statistics were performed using Prism 7 (Graphpad).  
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Table 2. List of murine qPCR primer sequences. 
Exon-spanning mouse qPCR primers were designed using Ensembl genome browser 
(http://useast.ensembl.org/index.html) for the reference sequence. Primer3 (http://bioinfo.ut.ee/primer3-
0.4.0/) was used to generate primer pairs with 75-150 base pair products. Primer-BLAST 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to confirm proper primer targeting. 
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Immunofluorescence 
 Embryonic SMGs and lungs were dissected and fixed in 4% paraformaldehyde 
(PFA) (Electron Microscopy Sciences; 15710) for 15 minutes to an hour and processed for 
paraffin embedding. Staining was performed using a standard dewaxing and hydration 
protocol, followed by a microwave-assisted antigen retrieval step using a low-pH buffer 
(Vector Labs; H-3300). H&E staining was done using Mayer’s hematoxylin (Sigma; 
MHS16) and Eosin Y alcoholic (Sigma; HT110116) following the manufacturer’s 
protocol. Air Liquid Interface (ALI) inserts were fixed in 4% PFA and then 
blocked/permeabilized in 0.2% Triton X-100/0.1% bovine serum albumin (BSA)/PBS. 
Cells were then incubated with primary and then secondary antibody incubation in a 0.1% 
Triton X-100/0.2% BSA/PBS buffer. Primary antibodies used and their dilutions are 
described in Table 3. Secondary antibodies used were conjugated to Alexa Fluor-488, -
555, -568, -594, or -647 fluorophores (Life Technologies). Slides were mounted using 
ProLong Gold Antifade Reagent (Life Technologies; P36930) and images were captured 
using a confocal microscope system (Carl Zeiss; LSM710) or an inverted epi-fluorescent 
microscope (Carl Zeiss; Axio Observer.D1).  
In situ Hybridization 
 In situ hybridization was performed as previously described141 and adapted for 
paraffin-embedded tissue slides. The digoxigenin (DIG)-labeled Ereg probe was 
generously supplied by Dr. Jeffrey Wrana (LTRI, Toronto, Canada). Slides without the 
Ereg probe, the anti-DIG antibody, and/or the colorimetric reagent were used as controls. 
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Table 3. List of antibodies and dilutions used. 
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Whole-Mount Immunofluorescence 
 Embryonic SMGs were dissected and fixed in 4% PFA as above or with an ice 
cold 1:1 acetone/methanol mixture at -20°C for 15 minutes, depending on the antibodies 
to be used. In general, TuJ1/phalloidin required PFA while the keratin antibodies required 
acetone/methanol. SMGs were permeabilized in 0.5% Triton-X 100 (American 
Bioanalytical; AB02025) for 30 minutes to an hour at 4°C, and blocked in the same mix 
plus 10% donkey serum (Fisher; 50-588-37) for up to 2 hours at 4°C. Primary and 
secondary antibody incubations were in the serum mixture, and either at 4°C overnight or 
1 hour at room temperature. After both primary and secondary incubations, SMGs were 
washed extensively in 0.5% Triton-X 100 (at least 3, up to 6 changes; 10-minutes each) 
and post-fixed with 4% PFA for 30 minutes. Counterstaining was performed using 1 
µg/mL Hoechst for 15 minutes. SMGs were immediately imaged by placing them on a 
coverslip. For increased resolution, SMGs were compressed between two coverslips 
before imaging, and imaged using an epi-fluorescent microscope (Carl Zeiss; Axio 
Observer.D1). 
ALI and Lentivirus 
 Recombinant lentiviruses were generated by transfecting of HEK-293T cells with 
a lentiviral transfer vector, the packaging plasmid psPAX2, and pMD2G-VSVG envelope 
DNA. The pLKO1-puro transfer vector was used to drive the expression of scrambled 
control shRNA (shCTL; sense sequence: GGGCAAGACGAGCGGGAAG), shRNA 
targeting Crb3 (shCrb3; sense sequence: CGGACCCTTTCACAAATAGCA), or shRNA 
targeting Lats1 and Lats2 (shLats1/2; sense sequence: 
 33 
ATGGACAAGTCTATGTTTGT). Recombinant viruses were harvested by collecting 
media from transfected cells and subsequently concentrated by ultracentrifugation 
(~100,000 x g, 2 hours, 4°C) and titered based the ability to deliver puromycin resistance 
to target cells in ALI. Transduction of isolated airway progenitors and differentiation of 
these cells using ALI cultures was achieved as previously described.164 Briefly, primary 
airway progenitors were isolated from the tracheas of adult mice and expanded in vitro on 
0.4 µm Transwell filters. One mouse typically yielded enough cells for 6 wells, each well 
containing 33,000 cells. Lentiviral-mediated transduction was achieved by infecting 
freshly plated progenitor cultures with 1x107-108 units of active viral particles, culturing 
the cells for 48 hours, and then selecting transduced cells with 1 µg/ml puromycin. Virus 
transfection was titered at approximately 7x104 Transfection Units per milliliter. Upon 
confluence, the progenitors were induced to differentiate by exposing the apical layer to 
air. For deletion of Yap in airway progenitors, cells were isolated from Yap-loxP/loxP 
mice and transduced with a lentivirus expressing cre recombinase from an EF1a-
promoter (generous gift from Dr. Darrell Kotton, Boston University).   
Calcium Depletion 
 ALI cultures were differentiated for 10 days under normal conditions.141,164 On 
day 10, media was removed and the cells washed three times with PBS. Fresh media was 
added to the bottom chamber and chelation buffer was added to the top of the cells (12 
mM EGTA in 10 mM HEPES, pH 7.4) at 37°C for 20 minutes as previously described.165 
After visual conformation of junction disruption, both the media and chelation buffer 
were removed to prevent hypotonic cell death. Cells were then washed five times to 
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remove remaining buffer, fresh media was added to the bottom chamber, and cells were 
returned to the ALI condition. Cultures were monitored visually every hour for four hours 
to ensure viability and junction disruption before lysing or fixing for analysis.  
Proximity Ligation Assay 
 PLA was carried out as per manufacturer’s protocol (Sigma; DUO92102). Briefly, 
ALI inserts were treated with primary antibodies (mouse Yap and rabbit phospho-
Lats1/2) using the above immunofluorescence microscopy protocol, followed by 
incubation with the PLA probe set (anti rabbit PLUS strand/anti mouse MINUS strand) at 
37°C for 1 hour. Ligation of probes in close proximity was carried out at 37°C for 30 
minutes followed by a 100 minute amplification step. All processed slides were mounted 
using ProLong Gold Antifade Reagent (Life Technologies; P36930) and images were 
captured using a confocal microscope system (Carl Zeiss; LSM 710).  
Western Blotting 
 Cells were lysed in buffer  containing 50mM Tris pH 7.5, 150 mM sodium 
chloride, 1 mM EDTA, 0.5% Triton-X 100, and 1X Halt protease inhibitor cocktail 
(Thermo Scientific) and were agitated for 10 minutes at 4°C. Lysates were spun down 
(~21,000 x g, 10 minutes) and 2% sodium dodecyl sulfate (SDS) buffer (50 mM Tris, pH 
6.8, 10% glycerol, 1% beta-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue) 
was added before boiling for 5 minutes at 100°C. Samples were loaded and separated on 
freshly made 10% SDS gels (Resolving gel: 10% acrylamide, 375 mM Tris pH 8.8, 0.1% 
SDS, 0.1% ammonium persulfate, 0.05% tetramethylethylenediamine; Stacking gel: 
3.5% acrylamide, 250 mM Tris pH 6.8, 0.1% SDS, 0.1% ammonium persulfate, 0.08% 
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tetramethylethylenediamine) in SDS-PAGE running buffer (25 mM Tris, 192 mM 
glycine, 0.1% SDS) at 220 V for 1 hour and 10 minutes. Proteins were immobilized on 
0.45 μm nitrocellulose membranes (Bio-Rad Laboratories) by transferring in 1X transfer 
buffer (25 mM Tris, 20 mM glycine, 20% methanol) at 100 V for 1.5 hours. Membranes 
were then blocked in 5% nonfat dry milk (LabScientific, Inc.) diluted in TBS-T (20 mM 
Tris, 150 mM NaCl, 0.1% Tween-20) for 30 minutes at room temperature. Membranes 
were incubated in primary antibody overnight at 4°C. The following day, membranes 
were washed 3 times 10 minutes in TBS-T. Membranes in unconjugated primary 
antibodies were incubated in secondary antibody for 1 hour at room temperature, washed 
again 3 times 10 minutes in TBS-T and immediately visualized. All blots were visualized 
using either Super Signal West Dura Extended Substrate (Thermo Scientific) or Super 
Signal West Femto Maximum Sensitivity Substrate (Thermo Scientific), exposed for 1 to 
240 seconds, and captured on Chemi Doc™ XRS+ imaging station (Bio-Rad 
Laboratories) using Image Lab software (Bio-Rad Laboratories). Expressed proteins were 
compared to BLUEstain 3 protein ladder (Gold Biotechnology) to determine size. 
Antibodies used are in Table 3.  
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CHAPTER THREE – THE HIPPO PATHWAY EFFECTOR YAP IS AN 
ESSENTIAL REGULATOR OF SUBMANDIBULAR  
DUCTAL PROGENITOR PATTERNING 
Disclaimer: This chapter is adapted from Szymaniak A.D., Mi R., McCarthy S.E., 
Gower A.C., Reynolds T.L., Mingueneau M., Kukuruzinska M., and Varelas X. (2017) 
The Hippo pathway effector YAP is an essential regulator of submandibular gland ductal 
progenitor patterning, in revision. Author contributions are listed after the discussion. 
 
Abstract 
 Salivary glands, such as submandibular glands (SMGs), are composed of branched 
epithelial ductal networks that terminate in acini that produce, transport and secrete saliva. 
Here, we show that the transcriptional regulator Yap, a key effector of the Hippo pathway, 
is required for the proper patterning and morphogenesis of SMG epithelium. Epithelial 
deletion of Yap in developing SMGs results in the loss of ductal structures, arising from 
reduced expression of the EGF family member Epiregulin, which we show is required for 
the expansion of Krt5/Krt14-positive ductal progenitors. We further show that epithelial 
deletion of the Lats1 and Lats2 kinases, which normally function to restrict nuclear Yap 
localization, results in morphogenesis defects accompanied by an expansion of Krt5/Krt14-
positive cells. Collectively, our data indicate that Yap-induced Epiregulin signaling 
promotes the identity of SMG ductal progenitors and that removal of nuclear Yap by 
Lats1/2-mediated signaling is critical for proper ductal maturation.  
Introduction 
 The mammalian epithelial branching program is a highly dynamic and organized 
process that leads to the formation of branched networks of tubule structures that terminate 
in acini with specialized functions. Understanding how epithelial progenitor cells pattern 
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into ducts and acini, and how this is coordinated with ongoing tissue morphogenesis, is one 
of the central questions in epithelial development. The submandibular gland (SMG) offers 
a model to study the molecular mechanisms directing epithelial branching morphogenesis 
and patterning, with distinct synchronized processes of cell proliferation, clefting, 
differentiation, migration, and apoptosis occurring rapidly during embryogenesis.166,167 
The developing SMG epithelium communicates with neighboring mesenchymal, neuronal 
and endothelial cells to direct reiterative rounds of bud and duct formation that mature into 
epithelial domains that mediate the production, transportation, and secretion of saliva.3,7,166-
170 Following initial bud formation, it is thought that specification of distinct multipotent 
progenitor populations gives rise to the specialized cell populations that compose the acinar 
and ductal domains.7 For example, multipotent populations of cytokeratin 5 (Krt5)- and 
cytokeratin 14 (Krt14)-positive progenitors are thought to govern the formation of 
epithelial cells that give rise to the mature ductal structures.3,7,69 Although numerous 
molecular studies have focused on understanding the biology of SMG progenitors, much 
remains unclear about the intrinsic signals that define their identity or control their 
differentiation. 
Recent studies have provided evidence that the transcriptional regulator Yap plays 
essential roles in stem cell biology and that these roles are essential for the development of 
branching organs, such as the kidney, lung, pancreas, and mammary gland.87 Ectopic 
expression of Yap has been shown to drive the expansion of progenitor populations in 
several tissues, while conditional deletion of Yap in organ-specific stem cells can lead to 
the inhibition of stem cell specification or the induction of premature 
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differentiation.141,144,171 In particular, the dynamics of Yap localization is implicated in 
controlling the balance of specification, self-renewal and differentiation of various stem 
cell populations.87 Yap localization is controlled by a multitude of signals that include those 
mediated by the Hippo pathway.87,172 The Hippo pathway is comprised of a series of 
kinase-mediated signaling events that result in the phosphorylation and activation of the 
Lats1 and Lats2 kinases (herein together referred to as Lats1/2). Activated Lats1/2 
redundantly direct the phosphorylation of Yap on conserved serine residues, the best 
characterized of which is S112 in mouse Yap (S127 in human Yap), which restricts the 
nuclear accumulation and transcriptional activity of Yap. Loss of Lats1/2-mediated 
regulation of Yap activity leads to defective organ patterning and function173,174,183, 
highlighting the importance of Hippo pathway signaling in development. 
Here, we used genetic approaches to examine the roles of Hippo-Yap signaling in 
SMG epithelial development. We found that early embryonic deletion of Yap in developing 
SMGs resulted in severe morphogenesis defects, which notably did not arise from aberrant 
cell proliferation or apoptosis, but rather from defects in progenitor patterning. We show 
that Yap is required for the specification of Krt5/Krt14-positive ductal progenitor cells, and 
that Yap does so by controlling the expression of the epidermal growth factor family 
member epiregulin (Ereg). Treatment of ex vivo cultured SMGs with Ereg was sufficient 
to expand Krt5/Krt14-positive cells and rescue cell fate specification defects observed in 
Yap-deleted SMGs. Conversely, we found that deletion of the Hippo kinases Lats1/2 
resulted in massive expansion of Krt5/Krt14-positive ductal cells in developing SMG 
epithelium, and that this phenotype could be blunted by EGFR inhibition. These findings 
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demonstrate that Yap is a critical regulator of ductal progenitor cell identity in SMG 
epithelium and that proper control of Yap localization by Lats1/2 is essential for the 
maturation of SMG ducts. Our study therefore identifies a novel essential effector of SMG 
development and provides important insight into early patterning events that are coupled 
with branching morphogenesis. 
Results 
Nuclear Yap marks distinct populations of developing SMG ductal epithelial cells. 
 To gain insight into the role(s) of Yap during SMG development, we examined 
the levels and localization of Yap in early branching SMGs isolated from E13.5 WT 
mouse embryos using immunofluorescence (IF) microscopy. We used Krt14 as a marker 
of early cell fate because multipotent progenitors expressing Krt14 exhibit distinct 
localization patterns in early developing SMGs and have been shown to have important 
roles in the early patterning of ductal epithelial cells (see model in Figure 1.1A).69,176 We 
found that Yap was prominently expressed in SMG epithelium, and clear Yap 
localization differences were observed in various cell populations of the branching gland. 
A cell layer at the peripheral edge of each end-bud showed some cells with nuclear Yap 
localization, whereas all cells immediately adjacent and extending away from the edge of 
the bud showed cytoplasmic Yap localization (Figure 1.1B-C). We also observed that 
Yap showed prominent nuclear localization in cells transitioning proximally towards the 
newly developing ductal regions (Figure 1.1B-C), overlapping precisely with Krt14-
positive ductal progenitors (Figure 1.1D). 
As the SMG ductal epithelium starts to mature, cells begin stratifying into luminal 
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Figure 1.1. Nuclear Yap marks distinct populations of developing SMG ductal 
epithelial cells. 
(A) Illustration depicting the early developing SMG epithelium, with the positioning of relevant 
multipotent progenitor cells highlighted. (B, C) Two different magnified IF microscopy images of the bud-
duct transition zone showing the localization of Yap (green) in E13.5 mouse SMG epithelium. (D) Images 
from IF microscopy analysis of Yap (green) together with Krt14 (white) shows prominent nuclear Yap in 
Krt14-positive cells. (E) Illustration depicting the maturing stratified SMG ductal epithelium with relevant 
cell populations highlighted. (F) Images from IF microscopy analysis of total Yap (green) and phospho-
S112 Yap (red) in E15.5 mouse SMGs. Note that in luminal cells, Yap is highly phosphorylated and 
excluded from the nucleus, while many basal cells exhibit prominent nuclear Yap localization. White 
arrows highlight prominent nuclear Yap localization in the basal cells. (G) Images from IF microscopy 
analysis of E18.5 mouse SMG ducts for Yap (green) and Krt5 (red) showing prominent nuclear Yap 
localization in a subset of Krt5-positive basal cells and cytoplasmic Yap in Krt5-negative luminal cells. 
DAPI was used to mark the nuclei (blue) in all images, and for clarity the basal surface of the epithelium is 
outlined with a white dotted line. Scale bar = 20 µm.
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and basal layers. Krt5-positive basal-positioned cells possess stem cell activity and play 
important roles in adult SMG injury-repair (Figure 1.1E).7 Interestingly, we observed 
that maturing ductal epithelial cells in E15.5 and in differentiated E18.5 SMGs exhibited 
cytoplasmic Yap localization (Figure 1.1B-C), particularly in cells positioned in the 
luminal layer (Figure 1.1 F-G). Cytoplasmic Yap localization correlated with serine-112 
phosphorylation of Yap (pS112-Yap) (Figure 1.1F), which is a site phosphorylated by 
the Hippo pathway kinases Lats1/2 and promotes cytoplasmic Yap localization.176 While 
few in number, some ductal cells in E15.5 and E18.5 SMGs exhibited prominent nuclear 
Yap localization, and these cells were generally positioned in the basal layer of Krt5-
positive epithelial cells. Notably, not all Krt5-positive cells showed nuclear Yap 
localization, indicating that nuclear Yap marks a distinct sub-population of these cells 
(Figure 1.1F-G). Given that nuclear Yap plays key roles in the control of various 
epithelial progenitor populations177, these observations suggest that Yap marks a distinct 
subset of progenitors in developing SMGs. 
Epithelial deletion of Yap results in severe branching defects and defective ductal domain 
specification in developing SMGs. 
 To assess the importance of Yap in SMG development, we sought to conditionally 
delete Yap in the epithelium of embryonic SMGs. Cre recombinase driven by the Sonic 
hedgehog promoter (Shh-Cre)178 has previously been used to target the SMG epithelium168, 
which prompted us to test the efficiency of this model for use in our studies. We started by 
crossing Shh-Cre mice with Rosa26-LoxP-STOP-loxP-eYFP mice179, which allowed us to 
mark Shh-expressing cells with enhanced Yellow Fluorescent Protein (eYFP). All
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Shh-Cre-positive/eYFP-positive SMGs that we examined showed robust eYFP signal 
marking the entire SMG epithelium (Figure 1.2A), indicating that the SMG epithelium 
originates from Shh-expressing cells and therefore Shh-cre could be used to conditionally 
target loxP-flanked genes. Accordingly, we found that crossing Shh-Cre mice with Yap-
loxP/loxP mice led to the efficient conditional deletion of Yap in the developing SMG 
epithelium (herein called Yap-cnull SMGs) (Figure 1.2B), and that this led to striking 
defects in branching morphogenesis. E13.5 Yap-cnull SMGs lacked developed clefts and 
ducts (Figure 1.2C-D), and E15.5 Yap-cnull glands showed severely disorganized bud-
like structures, and complete absence of ductal trees (Figure 1.2C-E). Interestingly, these 
phenotypes did not appear to result from defects in overall epithelial proliferation (Figure 
1.3A) or global increases in apoptosis (Figure 1.3B), suggesting that the morphogenesis 
defects originated from compromised epithelial patterning.  
To gain a better understanding into the defects associated with Yap deficiency, we 
followed the dynamics of individual SMGs and analyzed the distribution of progenitor 
markers by IF microscopy. For these studies, we isolated E13.5 SMGs from wild type 
and Yap-cnull embryos and cultured them ex vivo for 24 hours. After 24 hours of explant 
culture, WT SMGs exhibited extensive branching, with expected robust Krt14 and Krt5 
expression in developing proximal ductal regions, and Krt19 expression marking 
maturing ductal epithelium (Figure 1.4A-D). Yap-cnull SMGs failed to branch after 24 
hours of culture and exhibited an almost complete absence of Krt5, Krt14, or Krt19-
expressing cells, except for a small segment of the most proximal region (Fig. 1.4A-D). 
The lack of these markers suggested that Yap-cnull SMGs fail to specify ductal 
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Figure 1.2. Deletion of Yap in developing SMG epithelium results in severe 
branching defects and defective ductal domain patterning.  
(A) Lineage tracing using a Shh-Cre driver and a ROSA26-lox-STOP-lox-eYFP reporter mouse. E15.5 
mouse SMGs of the indicated genotypes were dissected and immediately imaged on an inverted microscope 
in dark field for the left panels and for fluorescent signal in the right panels. In the furthest right panels, the 
SMGs were compressed under a coverslip to highlight the eYFP-positive epithelial branches. Scale = 200 
μm (B) Images from IF microscopy imaging of E13.5 Yap-Shh-Cre null (Yap-cnull) SMGs for total Yap 
(green) and phospho-S112 Yap (red) showing efficient deletion of Yap in the SMG epithelium (outlined by 
a dotted white line). (C) Phase-contrast images of E13.5 WT and Yap-cnull SMGs showing severe 
morphogenesis defects in Yap-cnull SMGs. Scale = 100 μm. (D) Quantitation of bud number from E13.5 
WT and Yap-cnull SMGs (n=23). (E) Phase-contrast images of E15.5 WT and Yap-cnull SMGs indicating 
a disorganized bud structure and lack of ductal trees in Yap-deficient SMGs.  
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Figure 1.3. SMG defects due to Yap deletion are not a result of changes in 
proliferation or apoptosis. 
(A) Images from IF microscopy analysis of E15.5 WT and Yap-cnull SMGs for Yap 
(green), Ki-67 (red), or PCNA (white) showing no apparent proliferation defects in Yap-
deleted epithelium. Scale = 10 μm. (B) Images from IF microscopy analysis of Cleaved-
caspase 3 in E15.5 WT and Yap-cnull SMGs showing no apparent defect in apoptosis. 
Scale = 20 μm. DAPI was used to mark the nuclei (blue). Note: cleaved-caspase 3 
antibody viability was confirmed in parallel sections in apoptotic cells. 
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Figure 1.4. Yap is required for SMG ductal epithelial patterning. 
(A-F) E13.5 WT and Yap-cnull SMGs were dissected and cultured for 24 hours ex vivo 
and then examined by microscopy. (A) Phase-contrast images of E13.5 WT and Yap-
cnull SMGs at the time of dissection and 24 hours after culture. The same SMGs (each 
column is one SMG) were analyzed by IF for (B) Krt14 (magenta), (C) Krt5 (green), (D) 
Krt19 (red), (E) TuJ1 (yellow), and (F) F-actin (white, Phalloidin). DAPI was used to 
mark the nuclei (blue). Scale = 100 μm. 
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progenitors and consequently ductal epithelium. Parasympathetic nerve innervation plays 
a crucial role in the growth and regulation of SMG ductal progenitors69,168,175 and, despite 
being diminished and unorganized, parasympathetic nerve innervation was observable in 
Yap-cnull SMGs (Figure 1.4E-F), suggesting that the signals required for 
parasympathetic nerve innervation are present in Yap-cnull epithelium. The structural 
organization of the actin cytoskeleton, however, was severely disrupted in Yap-cnull 
SMGs (Figure 1.4F), indicating defective polarization that is required for proper SMG 
epithelial maturation.175 Interestingly, markers associated with the developing bud 
domains, such as Sox10, were abundant in Yap-cnull SMGs (Figure 1.5A-B). Taken 
together, our analysis of cultured SMGs indicated that the deletion of Yap leads to a loss 
of an early ductal progenitor population. 
Global gene expression analysis identifies Epiregulin as an important signaling effector 
downstream of Yap that controls ductal progenitor specification. 
 To gain insight into how Yap directs SMG development, we isolated RNA from 
three wild type and three Yap-cnull E15.5 SMGs (across three litters) and analyzed 
global gene expression using microarrays. Principal component analysis of the collected 
data showed strong separation by genotype (Figure 1.6), and differential expression 
analysis using a stringent cutoff (FDRq <0.01, and fold change of 2-fold or greater) 
revealed 105 genes that differed between the Yap-cnull and wild type SMGs, one of 
which expectedly was Yap (Table 4). Hierarchical clustering of these genes showed that 
the expression profiles from replicate samples clearly clustered next to each other, with 
two major clusters of genes showing either reduced or increased expression in Yap-cnull  
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Figure 1.5. A relative increase in the number of cells expressing the bud marker 
Sox10 is observed in Yap-cnull SMGs.  
 
(A) Images from IF microscopy analysis of Sox10 in E15.5 WT and Yap-cnull SMGs. 
Scale = 100 μm. (B) qPCR analysis of Sox10 expression in WT and Yap-cnull SMGs. 
The average of three experiments is shown +S.E.M. [**p<0.001; obtained using a one-
sample t-test]. 
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Figure 1.6. Principal Component Analysis (PCA) of SMG samples used for gene 
expression studies. 
PCA indicates a significant separation by genotype between WT and Yap-cnull E15.5 
SMGs. This analysis validates further interrogation of this microarray data for uncovering 
significant gene expression changes that are a true reflection of Yap ablation. 
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Table 4. Genes differentially expressed in E15.5 Yap knockout vs. WT SMGs. 
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SMGs (Figure 1.7A). Consistent with IF microscopy, Krt5 and Krt14, markers of ductal 
SMG progenitors, were significantly reduced in the absence of Yap, which we further 
validated by quantitative real-time PCR (qPCR) (Figure 1.7B). Several canonical target 
genes of Yap, such as Ctgf and Cyr61, were among genes significantly reduced in Yap-
cnull SMGs, validating that our data reflects Yap-driven gene expression.  
Functional annotation clustering of the differentially expressed genes in Yap-cnull 
SMGs using DAVID Bioinformatics Resources180 revealed enrichment of several 
interesting clusters of genes (Figure 1.7C). Yap-cnull SMGs were enriched in genes 
encoding secreted factors, suggesting that Yap plays an important role in altering the 
microenvironment of SMG epithelium. Enriched among the repressed genes were genes 
linked to Hippo signaling and those encoding factors with EGF-like domains. Additionally, 
genes encoding factors linked to controlling stem cell pluripotency were repressed in Yap-
cnull SMGs. Conversely, genes linked to promoting cell differentiation were induced in 
Yap-cnull SMGs. Similar enrichment for genes encoding secreted factors or stem cell 
regulators was obtained when differentially expressed genes were examined by Gene Set 
Enrichment Analysis (genes from Table 4).181 This analysis revealed a significant negative 
correlation between genes repressed in Yap-cnull SMGs and genes involved in the negative 
regulation of cell differentiation (i.e. genes normally induced by Yap in a wild type setting 
positively correlate with genes that prevent cell differentiation) (Figure 1.7D). Thus, Yap-
mediated transcription has a role in preventing cell differentiation and that genes regulated 
by Yap likely playing an important role in controlling the specification of multipotent 
ductal progenitors.  
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Figure 1.7. Global gene expression analysis of Yap-cnull SMGs indicates the 
aberrant regulation of genes encoding secreted factors and cell fate regulators.   
 
(A) Cluster analysis of microarray-generated gene expression data from E15.5 WT vs. 
Yap-cnull SMGs (Figure 1.6, Table 4) showing genes with a >2 fold-change and FDR q 
(filtered) <0.01. Red depicts increased and blue depicts decreased gene expression. 
Relevant genes are highlighted in blue including canonical Yap targets (Ctgf, Cyr61) as 
well as relevant SMG epithelial markers (Krt14, Krt5, and Kit). (B) qPCR analysis of 
Yap, Krt14, and Krt5 expression in E15.5 WT and Yap-cnull SMGs. The average of three 
SMGs from different litters is shown +S.E.M. [***p<0.0001; obtained using a one-
sample t-test]. (C) DAVID pathway analysis of genes in (A) that are reduced and induced 
in Yap-cnull SMGs. (D) GSEA of significantly downregulated genes in Yap-cnull SMGs 
shows enrichment for negative regulation of cell differentiation. Note: All data in this 
figure was generated from the same previous microarray experiment (Figure 1.6, Table 
4). 
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We next interrogated genes differentially expressed in Yap-cnull SMGs for growth 
factors that may potentially be important for altering the microenvironment that directs 
ductal progenitor specification. Epiregulin (Ereg), an EGFR ligand that has been implicated 
in cell fate control in other contexts182, was significantly repressed in Yap-cnull SMGs, 
which we confirmed by qPCR (Figure 1.8A). To gain insight into the relevance of Ereg 
expression, we examined developing SMGs using RNA in situ analysis, which showed 
prominent Ereg expression in the epithelium of buds, particularly in the developing ductal 
progenitor regions, as well as in distinct populations of basal cells of the ductal epithelium 
(Figure 1.8B). This expression pattern strongly resembled the nuclear localization of Yap 
in SMGs (Figure 1.1F-G). Further, Ereg mRNA levels were undetectable in Yap-cnull 
SMGs (Figure 1.8B), suggesting that nuclear Yap activity promotes Ereg expression in 
regions comprising ductal progenitors.     
To test whether Ereg plays roles in SMG patterning, we treated WT SMG 
explants with purified exogenous Ereg for 24 hours in ex vivo culture conditions. Ereg 
treatment led to a morphological thickening and enlargement of the ductal domain that 
was accompanied by a reduction in the bud domain (Figure 1.8C). IF microscopy 
analysis showed a striking enrichment in Krt5 and Krt14-positive cells, with these cells 
composing almost the entire SMG epithelium, including distal epithelial regions (Figure 
1.8C). Comparative staining with Tuj1, a parasympathetic nerve marker, indicated that 
Ereg exerted the observed effects independent of neuronal innervation (Figure 1.8C). F-
actin cytoskeletal analysis indicated that the expansion of ductal progenitors in response 
to Ereg disrupted cytoskeletal organization (Figure 1.8C). Treatment of Yap-cnull 
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Figure 1.8. Yap-induced Epiregulin (Ereg) expression directs ductal progenitor 
specification. 
 
 
(A) qPCR analysis of Epiregulin (Ereg) expression in E15.5 WT vs. Yap-cnull SMGs. The average of three 
SMGs from different litters is shown +S.E.M. [ ***p<0.0001]. (B) In situ hybridization of Ereg mRNA in 
E13.5 WT (duct and bud) and Yap-cnull (bud) SMGs. (C, D) E13.5 WT and Yap-cnull SMGs were 
dissected and cultured for 24 hours in the presence or absence of 0.5 μg/mL of exogenous Ereg protein and 
analyzed by phase-contrast and IF for Krt14 (magenta), Krt5 (green), Krt19 (red), TuJ1 (yellow), and F-
actin (white, Phalloidin). DAPI was used to mark the nuclei (blue). Scale = 100 μm. (E) qPCR analysis of 
Yap, Krt5, and Krt14 expression in the conditions of (C) and (D). The average of three SMGs from 
different litters is shown +S.E.M. (***p<0.0001; obtained using a one-sample t-test). Note: Keratin images 
in the first two columns of (D) are magnified to illustrate the rescue phenotype. Phalloidin in the latter two 
columns also marks the mesenchyme; the epithelium in those glands is only as big as the TuJ1 stain.  
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SMG explants with exogenous Ereg did not result in any significant morphogenic 
changes, as branching defects remained (Figure 1.8D). However, some defects observed 
in Yap-cnull SMGs were rescued upon Ereg treatment. Most notably, we observed the 
Ereg treatment led to the emergence of Krt5/Krt14-positive cells, with a subset of these 
cells also expressing Krt19 (Figure 1.8D), all of which were normally absent in Yap-
cnull SMGs. Analysis of the F-actin cytoskeleton of Ereg-treated Yap-cnull SMGs 
suggested a partial rescue in the organization of duct and bud domains, as some regions 
exhibited ductal-like F-actin organization and buds showed a slight clefting morphology 
(Figure 1.8D). To quantify these effects on cell fate, we performed qPCR analysis on 
parallel SMG explant cultures, and found that treatment of WT and Yap-cnull SMGs with 
exogenous Ereg led to increased Krt5 and Krt14 expression comparable to control glands 
without treatment (Figure 1.8E). These data indicated that Ereg stimulation of SMG 
epithelium was capable of rescuing some of the patterning defects observed in Yap-cnull 
epithelium, and that this modestly rescues the associated morphogenesis defects. Taken 
together with our prior observations, our data suggest that Yap promotes Ereg expression 
in early developing ductal SMG epithelium and that Ereg signals in a local autocrine or 
paracrine manner to facilitate a ductal progenitor niche. 
Loss of Lats1/2-mediated control of Yap in SMG epithelium leads to severe branching 
morphogenesis defects and uncontrolled ductal epithelial expansion. 
The Hippo pathway is the primary signaling pathway that controls Yap localization 
and activity in development and has been implicated in the control of branching 
morphogenesis.183 The Lats1 and Lats2 kinases (Lats1/2) are known to phosphorylate Yap, 
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which restricts nuclear Yap localization and activity.172 Given that we observed Yap 
phosphorylation that correlated with its cytoplasmic localization in maturing SMG ductal 
epithelium, we next set out to characterize the potential relationship with the Lats1/2 
kinases. We started by examining Lats1/2 activity and localization in E15.5 SMGs by IF 
microscopy using an antibody that recognizes the phosphorylated-active forms of Lats1/2 
(p-Lats1/2). We found that active Lats1/2 was absent in developing bud epithelium and 
abundant in mature luminal ductal SMG cells (Figure 1.9A). P-Lats1/2 was localized to 
the apical domain of the majority of luminal ductal cells, correlating with cells that exhibit 
cytoplasmic Yap localization. We have shown previously that inhibition of Lats2 with 
siRNA in E13.5 SMG explant cultures gives rise to branching defects184, suggesting that 
p-Lats1/2 in the ductal epithelium plays an important role. To define how Lats1/2 activity 
impacts SMG development, we used the Shh-cre recombinase to conditionally delete the 
Lats1 and the Lats2 genes in the epithelium of developing mouse SMGs (herein referred 
to as Lats1/2-cnull). Deletion of either Lats1 or Lats2 alone did not show any observable 
morphological defects in SMG development (data not shown). However, deletion of both 
Lats1 and Lats2 led to severe morphogenesis defects, with an almost complete lack of 
branching at early developmental time points (Figures 1.9B-D). E13.5 Lats1/2-cnull 
SMGs displayed an enormous augmentation of the ductal domain at the expense of the 
distal bud, which continued to expand to a very large size in ex vivo cultures. Similarly, 
E15.5 Lats1/2-cnull SMGs exhibited a large ductal structure with a severely enlarged 
primary ductal structure (Figure 1.9D). IF microscopy analysis showed that almost all of 
the epithelial cells within Lats1/2-cnull SMGs exhibited strong nuclear Yap localization  
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Figure 1.9. Deletion of Lats1/2 in developing SMG epithelium leads to aberrant 
nuclear Yap localization and severe branching morphogenesis and patterning 
defects.   
(A) IF microscopy analysis of E15.5 SMGs for phospho-Lats1/2 (green) and E-cadherin (red), indicating 
active Lats1/2 in luminal cells of the ductal epithelium. (B) Phase-contrast images of E13.5 WT and Shh-
Cre-Lats1/2 null (Lats1/2-cnull) SMGs. Scale=100 μm (C) Quantitation of bud number from E13.5 WT and 
Lats1/2-cnull SMGs. n=21. (D) Phase-contrast images of E15.5 WT and Lats1/2-cnull SMGs highlighting 
the severe ductal expansion phenotype. (E) Images from IF microscopy analysis of E15.5 WT and Lats1/2-
cnull SMGs for Yap (green), phospho-S112 Yap (red), and DAPI (blue). For clarity, the basal surface of the 
epithelium is outlined with a white dotted line. (F) qPCR analysis of Lats1, Lats2, Krt5, and Krt14 expression 
in E15.5 WT vs. Lats1/2-cnull SMGs. The average of three experiments is shown +S.E.M. [**p<0.001; 
***p<0.0001; obtained using a one-sample t-test]. 
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and that pS112-Yap levels were completely absent (Figure 1.9E). Further gene 
expression analysis of RNA isolated from Lats1/2-cnull SMGs showed a large increase in 
the expression of the ductal progenitor markers Krt5 and Krt14 (Figure 1.9F), a 
phenotype that contrasts that observed in Yap-cnull SMGs and is reminiscent of 
treatment of WT SMGs with Ereg. These data suggest that inappropriate nuclear Yap 
activation as a result of Lats1/2 deletion promotes the expansion of ductal SMG 
progenitors with a severely compromised ability for the ductal epithelium to mature.   
EGFR inhibition blunts the patterning defects observed in Lats1/2-cnull SMG epithelium. 
Lats1/2-cnull SMGs showed very high expression of Ereg, as measured by qPCR 
(Figure 1.10A) and RNA in situ hybridization (Figure 1.10B). To examine whether the 
expansion of cells expressing ductal epithelial progenitor markers within Lats1/2-cnull 
SMGs relied on an Ereg-mediated mechanism, we tested the effects of EGFR inhibition in 
wild type and Lats1/2-cnull developing SMGs ex vivo. Wild type SMGs treated with the 
EGFR inhibitor AG1478 exhibited branching morphogenesis defects, which were 
consistent with observations from EGFR-deleted mice.66,188 IF analysis of the EGFR-
inhibited SMGs showed diminished patterning of Krt5 and Krt14 cells, reduced levels of 
mature Krt19 cells, as well as defective organization of the F-actin cytoskeleton and 
parasympathetic innervation (Figure 1.10C), all of which are phenotypes that resembled 
Yap-cnull SMGs. Lats1/2-cnull SMGs grown ex vivo for 24 hours showed an expansion of 
ductal structures composed of Krt5 and Krt14-positive cells, with a remarkable 
enlargement of the primary ductal region (Figure 1.10D). Lats1/2-cnull glands also 
exhibited defective nerve innervation and F-actin cytoskeletal organization, indicating  
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Figure 1.10. EGFR inhibition blunts the patterning defects observed in Lats1/2-
cnull SMG epithelium. 
 
(A) qPCR validation of Ereg expression levels in E15.5 WT vs. Lats1/2-cnull SMGs. (B) In situ 
hybridization of Ereg mRNA in E13.5 WT and Lats1/2-cnull SMGs. The average of three experiments is 
shown +S.E.M. [***p<0.0001; obtained using a one-sample t-test]. (C, D) E13.5 WT and Lats1/2-cnull 
SMGs were dissected and cultured for 24 hours in the presence or absence of 10 μM EGFR inhibitor AG-
1478 and analyzed by phase-contrast and IF for Krt14 (magenta), Krt5 (green), Krt19 (red), TuJ1 (yellow), 
and F-actin (white, Phalloidin). DAPI was used to mark the nuclei (blue). Scale = 100 μm. (E) qPCR 
analysis of Lats1, Lats2, Krt14, and Krt5 expression in the conditions of (C) and (D). The average of three 
experiments is shown +S.E.M. [**p<0.001; ***p<0.0001; obtained using a one-sample t-test] 
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severely compromised patterning and extracellular signaling (Figure 1.10D). Notably, 
some cells within Lats1/2-cnull SMGs also expressed Krt19, many of which were also 
positive for Krt5 and Krt14, suggesting that these cells may be in an aberrant primitive 
state normally not observed in wild type SMGs (Figure 1.10D). Treatment of Lats1/2-cnull 
SMGs with the EGFR inhibitor AG1478 led to a marked loss of Krt5 and Krt14-positive 
cells, indicating that EGFR activation drives the expansion of these ductal progenitor-like 
cells (Figure 1.10D). Further, gene expression analysis by qPCR validated the observed 
differences in Krt5 and Krt14 expression in our IF microscopy experiments, with AG1478 
treatment of WT and Lats1/2-cnull SMGs leading to an almost complete loss of the 
expression of these ductal progenitor markers (Figure 1.10E). Collectively, our 
observations suggest that nuclear Yap plays an essential role in the development of ductal 
epithelial SMG progenitors (see model in Figure 1.11) and that Lats1/2-mediated removal 
of Yap from the nucleus is required for the maturation of ductal structures.  
Discussion 
We present data describing an essential role for the Hippo pathway effector Yap in 
the development of the salivary gland. We show that the deletion of Yap in developing 
SMG epithelium leads to severe patterning and morphogenesis defects. These defects arise, 
in large part, from the loss of nuclear Yap transcriptional activity, which is required for 
defining the identity of progenitors that give rise to the ductal epithelium. This conclusion 
is based on our observations that Yap-cnull SMG epithelium fails to develop ductal 
domains and shows severely reduced numbers of Krt5 and Krt14-positive cells, which are 
markers that have been associated with ductal progenitors.7,69 We show that developing 
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SMG epithelium displays distinct localization patterns for Yap in various regions, with 
nuclear Yap most pronounced in developing ductal areas as well as in subpopulations of 
basal epithelium cells that line the SMG ducts. In contrast, cytoplasmic Yap is observed in 
regions associated with luminal differentiation of the ducts, suggesting that the removal of 
nuclear Yap is required for SMG epithelial differentiation. Consistent with this premise, 
deletion of the Hippo pathway Lats1/2 kinases in developing SMG epithelium resulted in 
aberrant nuclear Yap localization and expansion of Krt5 and Krt14-positive cells in regions 
that normally undergo ductal maturation. 
Hippo pathway-mediated restriction of nuclear Yap activity has classically been 
associated with the governance of organ size via a growth-restricting mechanism that relies 
on precise coordination between proliferation and apoptosis.185 As such, Yap and upstream 
Hippo pathway effectors have emerged as important oncogenes and tumor-suppressors, 
respectively. As evidenced here, dynamic Hippo signaling during epithelial morphogenesis 
extends beyond the simplified view that Hippo signaling controls organ size by controlling 
cell growth. Rather, our observations from Yap- and Lats1/2-cnull SMGs indicate that 
Hippo pathway activity is primarily involved in directing the balance in specifying, 
renewing, and differentiating ductal progenitors. Similar roles for Hippo pathway-
mediated Yap signaling have been described in other branching organs, including the lung, 
kidney and pancreas.138,141,186,187 Interestingly, however, although Yap plays key roles in 
progenitor control across different organs, the mechanism(s) by which Yap exerts these 
functions appears to be context-dependent, which likely relates to distinct crosstalk among 
signaling networks that are assembled in each respective organ.  
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The identification of a role for Ereg in SMG patterning and morphogenesis is novel 
and resembles its role in other systems. In the intestine, a Yap-Ereg network is central for 
the survival and specification of progenitor populations.182 Interestingly, however, unlike 
the intestine, our data suggest that in the SMG, Yap promotes the expression of Ereg in the 
epithelium to sustain a ductal progenitor niche. Accordingly, we observed elevated Ereg 
expression in the newly forming ductal progenitor regions and in distinct regions of basal 
ductal epithelium, precisely the sites with the highest levels of nuclear Yap. We further 
found that small molecule-mediated inhibition of EGFR, the major receptor for Ereg, 
results in epithelial branching and maturation defects that resemble those in Yap-cnull 
SMGs. These observations paralleled those observed following the deletion of EGFR66,188 
and are consistent with recent observations that heparin binding-EGF treatment of SMGs 
can promote the expansion of Krt5 progenitors.69 Importantly, we show that ex vivo 
treatment of developing SMG organ cultures with Ereg expands Krt5 and Krt14-positive 
cells even in the absence of Yap, indicating that Ereg signaling is sufficient to overcome 
cell fate defects associated with Yap deletion. Together, these data support a model 
(illustrated in Figure 1.11) in which nuclear Yap-induced Ereg defines a niche of EGFR 
signaling that is central in promoting the identity of ductal progenitors.  
Interestingly, acetylcholine (Ach)/muscarinic (M) receptor 1 signaling has been 
shown to increase EGFR protein expression and increase the expansion of Krt5 progenitors 
in the SMG.69 Therefore, it is possible that signals emanating from the parasympathetic 
submandibular ganglion may crosstalk with Yap, or Yap-directed signals may 
communicate with the nerve to control ductal progenitor specification and maturation.  
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Figure 1.11. Illustration depicting the roles of Yap in Submandibular Gland 
Epithelial development. 
 
We propose nuclear Yap specifies the identity of ductal progenitors, in part by promoting the expression of 
Ereg and subsequent activation of EGFR signaling. Activated Lats1/2 in the maturing ductal structures 
promotes the phosphorylation of Yap, which directs the removal of nuclear Yap to support ductal epithelial 
differentiation. 
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Consistent with this idea, we observed abnormal parasympathetic innervation in both the 
Yap-cnull and Lats1/2-cnull SMGs. Recent work has shown that Neuregulin1 (Nrg1), a 
neuregulin family ligand that can activate EGFR, promotes the expression of Wnt ligands 
that signal to direct parasympathetic innervation.168 The Hippo signaling pathway is highly 
interconnected with the Wnt pathway.137,189 Thus, it is tempting to speculate that Yap-nerve 
signaling crosstalk plays a key role in ductal progenitor patterning and may be linked to 
signals that direct epithelial branching. 
Our observations implicate the dynamics of Yap localization as a central mediator 
of ductal epithelial maturation. Several studies have shown that the developing ductal 
epithelium acquires specialized polarity cues as it matures. Given that polarity cues are 
tightly integrated with the control of Yap localization and activity111,190, it is likely that 
epithelial polarity-mediated regulation of Yap directs the differentiation of the ductal 
epithelium. Indeed, recent work in the developing lung epithelium shows that polarity-
regulating proteins, such as the Crumbs transmembrane proteins that direct apical domain 
specification, promote interactions between the Lats1/2 kinases and Yap.190 The dynamics 
of these polarity proteins, which may be controlled by the mechanical microenvironment, 
direct the localization of Yap and control cell differentiation. For example, basal stem cell 
cells in the lung epithelium lack aspects of epithelial polarity and exhibit high levels of 
nuclear Yap that promotes the basal stem cell identity.144,190  
Notably, we observed a subset of basal epithelial cells in maturing SMG ducts with 
prominent nuclear Yap localization. These basal cells are known to possess stem cell 
activity that can repair adult SMG epithelium upon damage.7 Therefore, nuclear Yap may 
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mark these basal progenitors as it does in other organs, such as the skin and the 
lung.121,144,190 However, nuclear Yap in the ductal basal cells did not perfectly correlate 
with Krt5 expression, suggesting that the Krt5-positive population is composed of distinct 
subpopulations, as proposed previously.7 Our in situ analysis of Ereg expression in 
maturing ducts also suggested that only a sub-population of basal ductal cells express Ereg. 
Thus, it is possible that a Yap-Ereg signaling niche specifies a unique basal progenitor 
identity. Such a progenitor niche may be dysregulated in salivary gland carcinomas, as 
Krt5-positive populations are frequently amplified in these tumors. Many studies have 
implicated Yap as a pro-tumorigenic factor, and thus knowledge into the developmental 
mechanisms, such as that provided by our study, may offer insight into the etiology of 
salivary gland diseases. One such disease may be Sjogren’s Syndrome, a debilitating 
autoimmune disease that affects salivary secretion, as aberrant Yap localization has been 
observed in the salivary gland epithelium of patients.184 Similarly, Krt5-expressing cell 
populations have been observed to be expanded in Sjogren’s Syndrome epithelium.191 
Thus, dysregulated Yap-mediated cell fate control may be linked to this diseased state.  
In summary, our observations indicate that Yap is required for directing ductal 
SMG epithelial progenitor patterning, with nuclear Yap inducing the expression of Ereg, 
which drives signals for the specification of ductal epithelial progenitors; removal of Yap 
from the nucleus is therefore a requirement for the maturation of ductal structures. 
Importantly, our work highlights similarities in Yap signaling with other branching organs 
while also uncovering significant differences. Thus, given the importance of Yap signaling 
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in organ development and disease87, understanding this context is an important challenge 
for the future.  
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CHAPTER FOUR – CRUMB3-MEDIATED POLARITY DIRECTS AIRWAY 
EPITHELIAL CELL FATE THROUGH THE  
HIPPO PATHWAY EFFECTOR YAP 
Disclaimer: This chapter is adapted from Szymaniak, A.D., Mahoney, J.E., Cardoso, 
W.V., and Varelas, X. (2015). Crumbs3-Mediated Polarity Directs Airway Epithelial Cell 
Fate through the Hippo Pathway Effector Yap. Developmental Cell 34, 283–296 under 
license number 3952561378004 (Elsevier/RightsLink). Author contributions are listed 
after the discussion. 
 
Abstract 
Epithelial cells undergo dynamic polarity changes as organs pattern, but the 
relationship between epithelial polarity and cell fate is poorly understood. Using the 
developing lung as a model, we have found that distinct alterations in apical-basal 
polarity dictate airway epithelial differentiation. We demonstrate that Crb3, a Crumbs 
isoform that determines epithelial apical domain identity, is required for airway 
differentiation by controlling the localization of the transcriptional regulator Yap. We 
show that Crb3 promotes interaction between Yap and the Hippo pathway kinases 
Lats1/2 at apical cell junctions to induce Yap phosphorylation and cytoplasmic retention, 
which drives cell differentiation. Loss of Crb3 in developing mouse airways, or in 
isolated adult airway progenitors, results in unrestricted nuclear Yap activity and 
consequent cell differentiation defects. Our findings demonstrate that polarity-dependent 
cues control airway cell differentiation, offering important molecular insight into organ 
patterning. 
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Introduction 
 The epithelium lining the lung undergoes dramatic morphological changes as it 
develops, ultimately giving rise to specialized cells within a network of branched airways 
that transport air to gas-exchanging alveoli.2,4,6 Signals that instruct lung epithelial 
patterning have been identified, but how these fate decisions are coordinated with lung 
morphogenesis is poorly understood.2,4,6 Structural features associated with the 
epithelium relate to lung patterning: the early distal epithelium that gives rise to alveolar 
lineages is composed of cuboidal cells, whereas the epithelium in the proximal airways 
exhibits a columnar pseudostratified morphology.2,4,6 Additionally, as the proximal 
airways develop, the positioning of cells within the maturing tubules correlate with cell 
specification; luminal cells differentiate and specialize, whereas basal cells take on 
progenitor properties.70,71  
Recent work has demonstrated an essential role for the transcriptional regulator 
Yes-associated protein (Yap) in the distal-proximal patterning and terminal 
differentiation of the embryonic and adult mouse lung epithelium.141,144 The intracellular 
localization of Yap is dynamically regulated as the lung develops, with nuclear Yap 
shifting to the cytoplasm as the epithelium transitions from a distal to proximal fate.141 
Nuclear Yap activity is also critical to maintain basal progenitor identity, whereas their 
differentiation into luminal cell types requires Yap to shift into the cytoplasm.141,144 
Precise control of Yap localization is therefore important for directing airway epithelial 
specification and homeostasis. The Hippo pathway has emerged as a major regulator of 
Yap localization, with the core pathway kinases, Lats1 and Lats2 (Lats1/2), promoting 
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the direct phosphorylation of Yap on conserved serine residues, which induce 
cytoplasmic sequestration and degradation of Yap.176,192 These modifications have been 
implicated in the regulation of Yap activity in the lung.140,141,144,193 However, how these 
kinases are regulated with respect to organ morphogenesis and patterning is unclear.  
Proteins important for generating and maintaining polarity direct Yap 
localization.150 In particular, proteins that make up the evolutionary conserved Crumbs 
complex, which is known to specify the apical domain of epithelial cells112, have 
important roles in controlling Hippo pathway activity to promote the cytoplasmic 
localization of Yap.111,154,156,157 Here we describe that in developing mouse airway cells, 
the cytoplasmic localization of Yap correlates precisely with the expression and 
asymmetric distribution of Crb3, the major Crumbs isoform expressed in the lung.151,197 
We show that apical recruitment of Crb3 controls apical-basal polarity in airway 
epithelial cells, induces binding of Yap to activated Lats1/2 kinases at apical junctions to 
promote phosphorylation and cytoplasmic sequestration of Yap, and consequently 
initiates airway progenitor differentiation. We also show that loss of Crb3 results in the 
aberrant accumulation of nuclear Yap and subsequent prevention of airway epithelial cell 
differentiation. These findings indicate that apical-basal polarity cues control the 
localization of Yap in mammalian development, acting as essential mediators of cell fate 
during organogenesis.  
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Results 
Apical-basal polarity regulators are coordinated with changes in the localization of Yap 
during the proximal patterning of the lung epithelium. 
The Hippo pathway effector Yap controls the patterning of lung epithelial 
progenitors, with distinct intracellular localization changes dictating Yap function in 
these cells.141,144 Phosphorylation of Yap on a conserved serine residue (S112 in mouse 
Yap, homologous to S127 in human Yap; herein referred to as p-YapS112) promotes 
sequestration of Yap in the cytoplasm.176,194 To gain insight into Yap regulation in the 
lung epithelium, we characterized the pattern of p-YapS112 modifications with respect to 
total Yap. Early developing lungs were obtained from mouse embryos (E12.5-E15.5; the 
pseudoglandular stage), and immunostained for p-YapS112 and total Yap (antibody 
specificity was validated using Yap-null lung epithelium, Figures 2.2A). Minimal p-
YapS112 was observed in Sox9-positive distal epithelial progenitors, which are cells that 
exhibit nuclear-localized total Yap (Figure 2.1A). In contrast, high levels of p-YapS112 
were observed in proximal airway epithelial cells (Figure 2.1B), implicating Yap 
phosphorylation in the development of proximal epithelial cells of the lung. Interestingly, 
our microscopy analysis revealed prominent accumulation of Yap and p-YapS112 at the 
apical domain of proximal epithelial cells (Figure 2.1B, 2.2B-C). Given that apical-basal 
polarity-regulators have been shown to direct Hippo pathway activity150, we hypothesized 
that these proteins might direct Yap localization, and therefore characterized their 
expression and localization pattern in the developing lung epithelium.  
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Figure 2.1. Apical-localized p-YapS112 correlates with polarized Crb3 and Scrib 
localization as the lung epithelium patterns the proximal domain.  
(A, B) Immunofluorescence analysis of E12.5-E15.5 mouse lungs examining the levels and localization of 
Yap (green) and p-YapS112 (red) in the (A) distal and (B) proximal epithelium. The presence of Sox9 
(white) served as a marker of distal epithelial cells. (C) Increased Crb3 levels localized to the apical 
domain are observed specifically in the Sox9-negative proximal region of E12.5 lung epithelium. (D) Scrib 
levels increase and localize to the basal-lateral surface of E12.5 Sox2-positive proximal lung epithelium. 
(E, F) High resolution imaging of the transition zone between the Sox9-positive distal to Sox2-positive 
proximal compartments in the developing lung epithelium reveals an increase in the levels of (E) apical-
localized Crb3, and (F) basal-lateral-localized Scrib immediately following the boundary between the Sox2 
and Sox9 domains. Of note, this transition zone is precisely where Yap shifts localization from the nucleus 
to the cytoplasm12. DAPI was used to mark the nuclei (blue) in all images, and for clarity the basal surface 
of the epithelium is outlined with a white dotted line. Scale bar = 10 µm.  
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We started by analyzing the Crumbs transmembrane proteins (Crb1-3 in 
mammals), which are evolutionary conserved factors that define epithelial apical domain 
identity.112 We found that Crb3, which is the primary Crumbs isoform expressed in the 
lung epithelium151,197, is highly expressed and is restricted to the apical domain in the 
developing Sox2-positive/Sox9-negative proximal epithelial cells of E12.5 to E15.5 lungs 
(Figure 2.1C, 2.2B-D). In contrast, Crb3 levels were almost undetectable in the Sox2-
negative/Sox9-positive distal compartment. The proximal expression and polarization of 
Crb3 strikingly correlated with a loss of Yap from the nucleus. A similar distal-proximal 
relationship was observed for polarity-regulator Scribble (Scrib), which establishes the 
basal-lateral domains via a mutually exclusive relationship with Crumbs.1 High levels of 
basal-lateral-localized Scrib were observed in the Sox2-positive/Sox9-negative proximal 
domain, and very low levels of cortical membrane-localized Scrib were found in the 
distal compartment of E12.5-E15.5 lungs (Figures 2.1D, 2.2C-E). Notably, increased 
Crb3 and Scrib expression and polarization was observed upstream from the distal-
proximal transition zone in the developing lung epithelium (Figure 2.1E-F), which is 
precisely the area where Yap shifts localization from the nucleus to the cytoplasm.141 We 
did not, however, observe any differences in the expression of the adherens junction 
protein E-cadherin in all proximal and distal regions examined, and when comparing 
proximal and distal epithelium, E-cadherin exhibited a similar basal-lateral localization 
pattern (Figure 2.2F). Our observations therefore indicated that while cell adhesion and 
aspects of polarity (i.e. adherens junctions) exist throughout the entire developing lung 
epithelium, specific apical-basal polarity cues (i.e. apical Crb3 and basal-lateral Scrib) are  
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Figure 2.2. Crb3 and Scrib expression and polarized localization correlates with 
proximal airway differentiation.  
Immunofluorescence microscopy was performed to examine the levels and localization of (A) Yap and p-
Yap-S112 in E15.5 wild type and Yap-null airway epithelial cells, (B) Crb3 and Yap in E15. lungs, (C) 
Scrib and Yap in E15.5 lungs, (D) Crb3 and Sox9 in E13.5-E15.5 lungs, (E) Scrib and Sox2 in E13.5-E15.5 
lungs, (F) E-cadherin in E15.5 lungs. The white dotted line outlines the basal surface of the epithelium, and 
DAPI (blue) was used in all images to mark nuclei. For (C) and (D) a magnified region of proximal 
epithelium is shown to highlight the apical localization of Yap. Scale bar = 10 µm in all images. 
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established following the distal-proximal transition zone and characterize the proximal 
compartment. Given the key roles for Yap in patterning of the lung, our findings 
suggested that these apical-basal polarity cues might actively direct Yap localization to 
control lung patterning. 
The apical-basal distribution of Crb3 and Scrib marks proximal airway epithelial cell 
differentiation.  
 At approximately E14.5, proximal airway epithelial progenitors are specified into 
multi-ciliated and secretory cells.6,195 Epithelial cells of the developing trachea and 
proximal airways of the lung also give rise to a population of progenitor cells, marked by 
Krt5 and p63 expression, which are positioned on the basal side of the pseudostratified 
layer and play key roles in injury-repair of the post-natal lung.70,71 Nuclear Yap activity 
promotes expansion and maintains the progenitor state of this basal cell population, and a 
shift in Yap from the nucleus to the cytoplasm instructs their differentiation.141,144 We 
therefore investigated whether the polarization of Crb3 or Scrib is linked to the 
localization of Yap and differentiation status of these airway epithelial cells.  
Our analysis of E16.5-E18.5 proximal epithelial cells revealed that Crb3 localizes 
across the apical surface and Scrib localizes to the basal-lateral membrane in 
differentiated ciliated cells (Figure 2.3A) and secretory cells (Figure 2.3B). Crb3 and 
Scrib localization was very different in p63-positive basal cells: Crb3 was nearly absent, 
whereas Scrib was distributed in a cortical pattern at the cell membrane (Figure 2.3C 
and 2.3D). E-cadherin was abundant in basal progenitors, but like Scrib displayed a 
cortical membrane pattern of localization (Figure 2.4). These observations indicated that  
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Figure 2.3. Apical Crb3 and basal-lateral Scrib mark differentiating cells in 
proximal lung epithelium. 
 
Crb3 and Scrib levels were examined by immunofluorescence microscopy in E18.5 mouse lung epithelium, 
and their pattern of localization was determined in (A) ciliated cells marked by apical acetylated -tubulin, 
and (B) secretory cells marked by Scgb1a1 or Scgb1a2 expression. Crb3 and Scrib levels and localization 
were correlated with p63 expression in (C) E16.5 and (D) E18.5 proximal lung epithelium. Note that p63-
positive cells lack Crb3, and display a cortical localization of Scrib. DAPI was used to mark the nuclei 
(blue) in all images, and the basal surface of the epithelium is outlined with a white dotted line. Scale bar = 
2 µm. 
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Figure 2.4. Expression and localization of the adherens junction protein E-cadherin 
in proximal airway epithelial cells. 
 
Similar E-cadherin (red) expression is observed between Krt5 positive (green) basal 
progenitors and differentiated cells in developing proximal airways. Note, however, the 
cortical distribution of E-cadherin in the Krt5+ cells. White arrows point to the Krt5 
positive cells in the left image, the basal surface of the epithelium is outlined with a white 
dotted line, and DAPI (white) was used in all images to mark nuclei. Scale bar = 10 µm 
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basal cells lack aspects of apical-basal polarity, which correlates with differentiation. 
Surprisingly, cells lacking polarized Crb3 and Scrib were observed with the emergence of 
p63-positive cells even in regions where these cells have yet to establish their basal 
positioning in the tissue (Figure 2.3C and 2.3D), suggesting that these apical-basal 
polarity cues are related to, but are not strictly dependent on, the organization of 
pseudostratified tissue structure. 
Basal airway progenitors can be isolated from adult murine tracheas and induced 
to differentiate in air-liquid interface (ALI) cultures (Figure 2.5A).164 Analysis of Yap 
localization during ALI-mediated differentiation of basal progenitors revealed a shift of 
nuclear Yap in progenitors to an apical cytoplasmic enrichment of Yap upon cell 
differentiation (Figure 2.5B). Dramatic actin cytoskeleton remodeling was also observed, 
with cytoplasmic and membrane-associated stress fibers found in expanding progenitors 
that transform into an organized apical adhesion belt as the cells differentiated (Figure 
2.5C). The tight junction-associated protein Zo-1 (Figure 2.5D) and the adherens 
junction proteins E-cadherin and alpha-catenin (Figures 2.6A-B) were expressed in 
undifferentiated progenitors and exhibited junctional localization as cells established cell 
contact in their undifferentiated state, with this localization remaining unchanged with 
differentiation. Crb3 expression followed a similar pattern to what we observed in vivo, 
with undifferentiated progenitors exhibiting almost undetectable levels of Crb3, and an 
increase in apical Crb3 levels observed with cell differentiation (Figure 2.5E). Apical 
localization of Crb3 was observed in cells positioned on the luminal domain, with 
prominent staining observed at cilia in multi-ciliated cells, similar to observations from  
 77 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Apical-Basal Polarity cues correlate with the differentiation of adult 
airway progenitors. 
(A) Diagram depicting the differentiation of epithelial progenitors isolated from adult mouse tracheas 
following cultured in an air-liquid interface (ALI). (B-F) Immunofluorescence confocal miscopy was 
performed to examine the levels and localization of (B) Yap, (C) F-actin, (D) Crb3, and (E) Scrib in mouse 
airway basal progenitor cells induced to differentiate in ALI cultures. X-Y views (bottom panels) and the 
Z-plane apical-basal views (top panels) for each are shown. Basal progenitors, marked by the presence of 
p63, were examined by immunofluorescence confocal microscopy for the levels and localization of (F) 
Crb3 and (G) Scrib, and the Z-plane apical-basal view for each is shown. DAPI was used to mark the 
nuclei (blue) in all images, and in all Z-plane images the nuclei are also outlined with a thin white dotted 
line. Scale bar = 10 µm. 
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Figure 2.6. Adherens junction formation precedes airway epithelial progenitor 
differentiation. 
 
Immunofluorescence confocal microscopy was performed to examine the levels and 
localization of (A) E-cadherin and (B) a-catenin in ALI cultures. The X-Y view (bottom 
panels) and the Z-plane apical-basal view (top panels) for each are shown. DAPI was 
used to mark the nuclei (blue) in all images, and in all Z-plane images the nuclei are also 
outlined with a thin white dotted line. Scale bar = 10 µm. 
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prior in vitro studies in other contexts.196,197 The apical distribution of Crb3 correlated 
precisely with apical Yap enrichment (Figure 2.5B-E). Scrib levels and polarization 
followed a comparable relationship with cell fate; Scrib was almost undetectable during 
progenitor cell expansion in vitro, increased in levels with cell confluence to distribute in 
a cortical-membrane pattern in the undifferentiated state, and then polarized to the basal-
lateral domain with cell differentiation (Figure 2.5F). Close inspection of airway 
epithelial cells differentiated for 10 days in ALI cultures revealed that the cells positioned 
on the basal side of the epithelium, which maintained p63-positive and nuclear Yap 
status, also lacked the expression of Crb3, and exhibited a cortical membrane Scrib 
localization pattern (Figure 2.5G-H). These results indicated that, like in vivo, 
polarization of Crb3 and Scrib into apical-basal domains, respectively, correlates with 
cytoplasmic Yap localization and airway epithelial cell differentiation, and that the 
polarization of these proteins is evidently distinct from adherens and tight junction 
formation. 
Loss of Crb3 prevents the differentiation of airway epithelial progenitors.  
 Given the correlation between apical-localized Crb3 and Yap, and airway 
epithelial differentiation, we next tested if Crb3 directs cell fate by controlling Yap 
localization. We initially used lentiviruses to transduce the expression of control shRNA 
or shRNA that targets Crb3 in basal progenitors isolated from adult mouse airways. 
Progenitors expressing control shRNA exhibited obvious localization of Yap to the 
cytoplasmic apical domain following differentiation in ALI cultures. In contrast, Crb3-
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depleted cultures retained substantial nuclear Yap even after six days of ALI culture 
(Figure 2.7A), and these cells maintained p63-positive status, and organized aberrantly 
into the luminal layer (Figure 2.7B). To better understand the consequences of Crb3 
depletion, we isolated RNA from cells transduced with control shRNA or shRNA 
targeting Crb3 and examined the expression of progenitor and differentiation markers by 
real-time quantitative PCR (q-PCR). This analysis clearly showed that depletion of Crb3 
maintained high expression levels of the progenitor markers p63 and Krt5, and precluded 
the expression of the differentiation markers Scgb1a1, FoxJ1, and Muc5ac. The changes 
in expression of airway fate markers following Crb3 depletion were dependent on Yap, as 
knockdown of Crb3 did not affect the ability of Yap-null airway progenitors to 
differentiate (Figure 2.7C)  
Nuclear Yap binds to and regulates the transcriptional activity of p63144, which 
prompted us to also investigate the expression of Yap-p63-regulated genes. Depletion of 
Crb3 in ALI-cultured airway progenitors strongly induced the expression Yap-p63-
regulated genes, including Fgfr, Itga6, and Itgb4. The induction of these genes was 
dependent on Yap, as parallel analysis of Crb3-depletion in Yap-null airway progenitors 
did not show significant expression differences (Figure 2.7C). Intriguingly, expression of 
canonical gene targets of Yap described in other contexts, such as Ctgf and Cyr61, was 
minimally affected by the depletion of Crb3 or by the deletion of Yap (Figure 2.8A), 
suggesting that in airway progenitors nuclear Yap directs transcriptional events distinct 
from those described in other contexts. Given that nuclear Yap directs TGFβ-induced 
transcriptional processes111,141-143, we also tested whether airway progenitors were more  
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Figure 2.7. Depletion of Crb3 prevents the differentiation of adult airway epithelial 
progenitors. 
Lentiviruses were used to transduce control shRNA (shCTL) or shRNA targeting Crb3 in airway progenitor 
cells isolated from mouse tracheas, and these cells were subsequently cultured in ALI conditions to induce 
differentiation. (A) Crb3 and Yap, as well as (B) p63 levels and localization were examined after 6 days of 
ALI culture by immunofluorescence confocal microscopy. The X-Y view (bottom panels) and the Z-plane 
apical-basal view (top panels) in (A) are shown, whereas only the Z-plane in (B) is shown. DAPI marked 
nuclei are outlined with a white dotted line in the Z-plane images. Scale bar = 10 µm. (C) Samples obtained 
from shCTL- or shCrb3-expressing WT or Yap-null airway progenitors cultured for 6 days in ALI cultures 
were examined by qPCR for expression levels of Crb3, basal progenitor cell markers Tp63 and Krt5, as 
well as the differentiation markers FoxJ1 (ciliated cells), Scgb1a1 (secretory cells), and Muc5ac (goblet 
cells) (n=3, average +SEM, ** p<0.0001). 
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Figure 2.8. Calcium depletion mimics the effects of loss of Crb3. 
(A) Lentiviruses were used to transduce control shRNA (shCTL) or shRNA targeting Crb3 in wild type 
(WT) or Yap-null airway progenitor cells, and following 6 days of ALI culture the expression of Ctgf and 
Cyr61 was determined from these cells (same samples as in Figure 2.7C). (B) Airway progenitors 
expressing shCTL or shCrb3 were treated with or without 500pM TGFβ for 2 hours, and the expression of 
the indicated Yap-p63-regulated target genes was determined. (C) Cadherin interactions were disrupted in 
differentiated airway progenitors (10 day ALI cultures) by depleting calcium from the media (Ca-ve), and 
the levels and localization of the indicated proteins were determined by confocal immunofluorescence 
microscopy. DAPI was used to mark the nuclei (blue), and in all Z-plane images the nuclei are also 
outlined with a white dotted line. Scale bar = 10 µm. (D) Cadherin interactions were disrupted in 
differentiated airway progenitors (10 day ALI cultures) by depleting calcium from the media (Ca-ve) and the 
expression of Yap-p63-regulated target genes was determined. 
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sensitive to TGFβ-induced signals following Crb3 depletion. Indeed, we found that Yap-
p63-regulated target genes were significantly induced with TGFβ treatment, and that this 
induction was further enhanced following Crb3 depletion (Figure 2.8B). Taken together 
our observations indicated that Crb3 restricts nuclear Yap activity to drive airway 
progenitor cell differentiation.  
We extended our analysis to also test whether loss of polarity can impact Yap 
localization and activity in differentiated airway epithelial cells. For this, we disrupted 
adherens junctions by chelating calcium-mediated junctional interactions in airway cells 
that were previously cultured in ALI conditions for 10 days. A loss of adherens junction 
proteins was observed following calcium depletion, as was a striking loss of Crb3 levels, 
and an accumulation of Yap in the nucleus of these cells (Figure 2.8C). In parallel to the 
increased nuclear Yap localization, we observed a significant increase in the expression 
of Yap-p63-regulated genes (Figure 2.8D), suggesting that loss of junctions and polarity 
in differentiated airway cells is sufficient to induce nuclear Yap activity.  
To substantiate the relationship between apical-basal polarity and Yap in vivo, we 
generated mice in which loxP sites flanked the Crb3 gene (Crb3-loxP/loxP). Using this 
mouse model we conditionally deleted Crb3 in the foregut endoderm, and consequently 
in the earliest stages of pulmonary epithelial development, by crossing Crb3-loxP/loxP 
mice with mice expressing Cre recombinase from the Sonic hedgehog promoter (Shh-
Cre)178 (Figure 2.9A). Deletion of both Crb3 alleles in Crb3-loxP/loxP;Shh-Cre/+ 
(herein referred to as Crb3-null) was confirmed by qPCR analysis, showing a complete 
absence of Crb3 mRNA (Figure 2.9B). Crb3 deletion resulted in lethality at birth, with  
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Figure 2.9. Conditional knockout of Crb3 in the mouse lung epithelium. 
(A) Schematic of the targeting strategy used to delete the Crb3 gene. Genotyping primer combinations are 
depicted as red arrows (see Table 1 for further details). (B) Wild type or Crb3null tissues from E15.5 mice 
were examined by quantitative real-time PCR for Crb3 and Crb2 expression levels (n=3, average +SEM, 
**p<0.0001). (C, D, E, F) E18.5 wild type (WT) or Crb3null proximal airways were analyzed by 
immunofluorescence microscopy for the localization of (C) E-cadherin, (D) a-catenin, (E) Scrib and ZO-1, 
and (F) Scrib and p-ERM. An arrow marks cells that appeared to have an apical domain, and the 
quantitated percentage of these cells is shown on the bottom left of the panels (n=400 cells over three 
experiments). The basal surface of the epithelium is outlined with a thick white dotted line, and DAPI 
(blue) was used to mark nuclei. Scale bar = 10 µm. (G) Crb2 levels were determined by qPCR in Crb3 
knockdown ALI cultures. (n=3, average +SEM, **p<0.0001). 
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the likely reason being respiratory distress, similar to what has been described with the 
germline deletion of Crb3.198 Examination of Crb3-null lungs at different developmental 
stages showed no gross morphological defects compared to wild type counterparts. 
However, examination of tissue sections by hematoxylin and eosin staining (H&E) from 
the lung and trachea of Crb3-null embryos revealed substantial epithelial organization 
differences, with obvious stratification of the tracheal epithelium (Figure 2.10A). 
Analysis of Crb3-null tissues by immunofluorescence microscopy showed a complete 
loss of Crb3 protein, further validating Crb3 deletion and also the specificity of our 
antibody (Figure 2.10B). When compared to their wild type equivalents, the Crb3-null 
epithelium showed an accumulation of Yap in the nucleus of luminal cells of the upper 
proximal airways (Figure 2.10B-C), and in Sox2-positive intrapulmonary airways 
(Figure 2.10D), which are cells that normally exhibit exclusively cytoplasmic Yap 
localization. Analysis of cells undergoing apoptosis, as assessed by activated Caspase-3, 
showed negligible numbers of apoptotic cells in both wild type and Crb3-null airways 
(data not shown). However, analysis of Ki67 expression indicated a burst of proliferation 
in E15.5 Crb3-null airways, which was brought back to wild type levels by E18.5 
(Figure 2.10E-F). Such defects in the Crb3-null airway epithelium are consistent with 
increased nuclear Yap activity, as increased nuclear Yap levels are capable of driving 
airway epithelial cell proliferation.144 The large majority of cells within Crb3-null 
airways also exhibited a loss of apical-basal polarity, as these cells showed cortical 
membrane localization of E-cadherin (Figure 2.9C), alpha-catenin (Figure 2.9D), and 
Scrib (Figure 2.9E-F), concurrent with loss of Zo-1 (Figure 2.9E), and phospho- 
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Figure 2.10. Deletion of Crb3 induces nuclear Yap localization in proximal airways. 
 
(A) E18.5 proximal airway sections from wild type (WT) and Crb3-null mice were examined by H&E 
staining. (B) Proximal airways from the tracheas of WT and Crb3-null mice were analyzed by 
immunofluorescence microscopy for Crb3 and Yap. (C) The relative levels of nuclear Yap in cells 
positioned at the basal or luminal side of the epithelium in E18.5 WT and Crb3-null proximal airways was 
quantitated by determining the Yap pixel intensity/area of DAPI-stained nuclei using Image J software 
(n=50 from three separate experiments, average +SEM, ** p<0.0001). (D) Intrapulmonary proximal 
airways were analyzed by immunofluorescence microscopy for Yap and Sox2. (E) Proximal airways from 
E15.5 and E18.5 WT and Crb3-null lungs were examined for the presence of the proliferation marker Ki67, 
and (F) the percentage of these respective cells was quantitated (n= 160 to 300 cells from each group, 
average from three experiments +SEM, ** p<0.0001). The basal epithelial surface is outlined with a white 
dotted line in all images, and DAPI marked nuclei in the first panels are outlined with a thin white dotted 
line. Scale bar = 10 µm. 
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Ezrin/Radixin/Moesin (p-ERM) (Figure 2.9F). However, there was a small population of 
cells (approximately 5%) at the most luminal side of the Crb3-null airway epithelium that 
exhibited aspects of apical-basal polarity (Figures 2.9C-F), suggesting that some cells 
may activate compensatory mechanisms in the absence of Crb3. Analysis of RNA from 
Crb3-null tissues (Figure 2.9B) and Crb3- depleted airway progenitors cultured in ALI 
conditions (Figure 2.9G) indicated that Crb2 levels are elevated in cells lacking Crb3, 
providing a potential candidate for such compensation. An ectopic increase in nuclear 
Yap levels in mature proximal airway cells is sufficient to dedifferentiate these cells and 
have them adopt progenitor identities.144 We therefore rationalized that the Crb3-null 
epithelium may be abnormally specified, and analyzed the expression pattern of various 
cell fate makers in different compartments of the lung and trachea (Figure 2.11A). No 
obvious differences were observed in the patterning of Sox9- and Sox2-expressing cells 
that make up the distal and proximal epithelial compartments in the developing lung, 
respectively (Figure 2.11B). However, analysis of markers of differentiation for the Sox2 
positive proximal airways showed striking defects in cell differentiation, as developing 
intrapulmonary Crb3-null airways lacked cells expressing the secretory markers Scgb1a1 
or Scgb3a2, and apically-localized acetylated-alpha-tubulin, which marks ciliated cells 
(Figure 2.11C-D). Expression of the goblet cell marker Muc5Ac was not detected in 
developing Crb3-null airways, similar to that observed in wild type airways (Figure 
2.11C). Analysis of the Crb3-null tracheas showed remarkable expansion of Krt5-
expressing cells, with almost all luminal cells expressing this basal-progenitor marker 
(Figure 2.12A-E). The number of cells expressing p63 was also increased in Crb3-null  
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Figure 2.11. Knockout of Crb3 results in airway epithelium cell fate defects. 
 
(A) Illustration depicting the different regions examined for cell fate defects in the Crb3-null lung 
epithelium. (B) E15.5 wild type (WT) or Crb3-null lungs were analyzed by immunofluorescence 
microscopy for Sox9 and Sox2 expression. (C) The intrapulmonary regions of E18.5 WT or Crb3-null 
proximal airways were analyzed by immunofluorescence microscopy for the presence of cells expressing 
Scgb1a1, Scgb3a2, Muc5AC, or apical acetylated a-tubulin, and (D) based on these markers the fate of the 
epithelial cells was quantitated (n=800 cells from 3 experiments) (E, F) The tracheas of E18.5 wild type 
(WT) or Crb3-null proximal airways were analyzed by immunofluorescence microscopy for the presence of 
(E) cells expressing the progenitor marker Krt5, and (F) the multi-ciliated cell marker FoxJ1. DAPI (blue) 
was used to mark nuclei in all images, and the basal epithelial surface in (C and F) is outlined with a white 
dotted line. Scale bar = 10 µm. 
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Figure 2.12. Deletion of Crb3 leads to an aberrant accumulation of undifferentiated 
basal progenitors in the developing airway. 
 
E18.5 proximal airway sections from the tracheas of wild type (WT) and Crb3-null tissues were examined 
by immunofluorescence microscopy for (A) Krt5 and Yap, (B) Krt5 and p63, (C) Krt5 and Krt8, (D) Krt5 
and FoxJ1, (E) Scgb3a2, and (F) Krt5 and Scgb1a1. The basal surface of the epithelium is outlined with a 
white dotted line, and DAPI marked nuclei in the first panels in experiment (A) are outlined with a thin 
white dotted line. Scale bar = 10 µm. (G) The number of cells expressing the indicated cell fate markers 
was quantitated and is shown as a percentage of the total population (n=488 from WT, and n=456 from 
Crb3-null; total from three separate experiments). 
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airways compared to wild type. However, in stratified regions these cells were 
maintained only on the basal domain (Figure 2.12B), despite the presence of Krt5 in the 
luminal cells. The luminal Krt5-positive cells also expressed the luminal marker, Krt8 
(Figure 2.12C), suggesting that loss of Crb3 induces an intermediate progenitor state, 
much like that observed following ectopic nuclear Yap expression in airways.144 
 Additional marker analysis showed that very few of the Krt5-positive cells also 
expressed terminal markers, such as multi-ciliated cell marker Foxj1 (Figure 2.12D and 
2.11F), the early secretory marker Scgb3a2 (Figure 2.12E), and the later marker of the 
secretory lineage, Scgb1a1 (Figure 2.12F). Quantitation revealed that out of the Krt5-
positive cells in the Crb3-null airways, ~14% of them co-expressed FoxJ1 and ~5% co-
expressed Scgb3a2 (Figure 2.12G). Krt5/FoxJ1 or Krt5/Scgb3a2 double-positive cells 
were never observed in wild type airways, but have been observed following ectopic 
expression of nuclear Yap.144 Thus, our data strongly suggest that the defective 
maturation of the Crb3-null epithelium is a result of persistent nuclear Yap activity.  
The Hippo pathway Kinases Lats1/2 Interact with Yap at the apical domain of 
differentiated epithelial cells. 
Given the importance of p-YapS112 in controlling Yap localization, and the prior 
relationship we observed between this modification and the apical domain of proximal 
airway epithelial cells, we investigated whether p-YapS112 was affected in Crb3-null 
airways. We observed a complete loss of p-YapS112 in Crb3-null airways, indicating an 
accumulation of nuclear hypo-phosphorylated Yap (Figure 2.13A). Given this  
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Figure 2.13. Activated Lats1/2 kinases associate with Yap at the apical membrane in 
differentiated airway epithelial cells. 
(A) E18.5 proximal airway sections from wild type and Crb3-null mice were examined by 
immunofluorescence microscopy for total Yap and p-YapS112 (p-Yap), and (B) for p-Lats1/2T1079/T1041 (p-
Lats). The basal surface of the epithelium is outlined with a thick white dotted line, and DAPI marked 
nuclei in the first panels are outlined with a thin white dotted line. Scale bar = 10 µm. (C) Cell lysates 
isolated from undifferentiated Day 0 airway progenitor cells, and ALI-cultured Day 4 and Day 10 
differentiated cells were examined by immunoblotting using the indicated antibodies. (D, E) 
Immunofluorescence confocal microscopy was used to examine the levels and localization of activated (D) 
p-Lats and (E) p-Yap at different stages of differentiation in ALI-cultured airway progenitors. X-Y images 
(bottom panels) and the Z-plane apical-basal view (top panels) for each are shown. (F) Disorganized p-
Lats, and (G) a reduction in p-Yap levels, was observed in p63-positive basal airway progenitors cultured 
under ALI conditions for 0 or 10 days. Z-plane apical-basal view for each is shown. (H) In situ Proximity 
ligation assay (PLA) followed by confocal microscopy was performed using the indicated antibodies on 
airway progenitor cells cultured under ALI conditions for the indicated days. Red dots indicate endogenous 
interactions. (I) In situ PLA followed by confocal microscopy was performed using the indicated antibodies 
on airway progenitor cells transduced to express shCTL or shCrb3 and grown for 6 days in ALI cultures. 
For the experiments in (H) and (I) a compressed image of the X-Y stacks is shown to highlight all the PLA 
spots, as is the Z-plane apical-basal view to highlight the polarization of these spots. DAPI was used to 
mark the nuclei (blue), and in all Z-plane images the nuclei are also outlined with a thin white dotted line. 
Scale bar = 10 µm for all images. 
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observation, we speculated that the activity of Lats1/2 might be coupled to the acquisition 
of apical-basal polarity cues as airway cells differentiated. Phosphorylation of Lats1 and 
Lats2 on Thr1079 and Thr1041, respectively, promotes their activation.199 Analysis of p-
Lats1/2T1079/T1041 levels revealed strong apical enrichment in the epithelial cells of 
proximal airways of wild type mice, but a complete absence of activated Lats1/2 in Crb3-
null tissues (Figure 2.13B). These data suggested that Lats1/2 activation is linked to the 
apical epithelial domain, and is compromised in cells lacking Crb3.  
To explore the relationship between cell polarity, Lats1/2 regulation, and cell fate, 
we returned to the in vitro differentiation of isolated basal airway progenitors. 
Immunoblot analysis of cell lysates obtained from ALI-cultured airway progenitors 
showed an increase in the levels of p-Lats1/2T1079/T1041, which correlated with p-YapS112, 
as the cells differentiated (Figure 2.13C). Immunofluorescence analysis revealed 
increases in endogenous p-Lats1/2T1079/T1041 levels as cells differentiated (Figure 2.13D), 
which temporally correlated with increases in p-YapS112 (Figure 2.13E), and the shift of 
Yap from the nucleus to the cytoplasm (Figure 2.5B). Similar to our in vivo observations, 
we also found that activated Lats1/2 (Figure 2.13D), as well as p-YapS112 (Figure 
2.13E), accumulated at the apical regions of differentiated cells. Moreover, basal p63-
positive progenitors exhibited some p-Lats1/2T1079/T1041, albeit at lower levels, but this 
activated Lats1/2 displayed non-polar localization (Figure 2.13F), and correlated with 
low levels of p-YapS112 (Figure 2.13G). Given that p-Lats1/2T1079/T1041 was observed in 
cells with nuclear hypo-phosphorylated Yap, we hypothesized that mutual apical 
recruitment may induce the binding of p-Lats1/2T1079/T1041 to Yap. We tested this 
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possibility by examining the localized interaction of activated Lats1/2 and Yap using an 
in situ proximity ligation assay (PLA), which is a technique that can visualize the 
localization and association of endogenous protein complexes (proteins localized within 
40 nm of each other) by microscopy.200 PLA analysis revealed that interactions between 
activated Lats1/2 and Yap were only observed following differentiation of ALI-cultured 
airway progenitors, and that these interactions were found at the apical junctions of the 
differentiated cells (Figure 2.13H). To test whether Crb3 mediates apical Lats1/2 binding 
to Yap, we used lentiviruses to transduce the expression of control shRNA or shRNA 
targeting Crb3 in isolated airway progenitors that were differentiated in vitro using ALI 
cultures. Using PLA methods we detected activated Lats1/2 and Yap in close proximity 
in differentiated cells treated with control shRNA, but not in Crb3-depleted cultures 
(Figure 2.13I). Thus, Crb3 is required to promote the phosphorylation of Lats1/2, bridge 
interactions between Lats1/2 and Yap, and thereby induce Yap phosphorylation and 
cytoplasmic localization. These molecular events have critical roles in promoting cell 
differentiation, highlighting the apical epithelial domain as an important signaling hub in 
airway development. 
Discussion 
 The findings presented here reveal a precise coordination between apical-basal 
polarity and cell fate in the airway epithelium. Specifically, we have observed that the 
transmembrane Crb3 protein, an important mediator of the apical epithelial domain, 
controls epithelial cell maturation in the proximal lungs and trachea. We propose that 
Crb3 does so by mediating the polarization and apical scaffolding of the Lats1/2 kinases 
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with the transcriptional regulator Yap to promote phosphorylation and subsequent 
restriction of Yap from the nucleus. Control of Yap localization has critical roles in 
directing epithelial progenitor fate, and therefore, Crb3-mediated control of Yap provides 
a mechanism to integrate morphogenic changes with differentiation in the airway 
epithelium (see model in Figure 2.15). Our observations provide evidence that Crb3 acts 
as a major regulator of Yap localization in the lung epithelium, and offer clues into how 
Crb3 acts in this role. Most compelling is the correlation between Crb3 expression and 
the restriction of Yap from the nucleus in the developing airways. Our data show that 
developing distal epithelial compartments, which exhibit high nuclear Yap levels, do not 
express Crb3. Interestingly, however, despite low Crb3 levels these distal compartments 
maintain aspects of epithelial polarity, including having organized adherens junctions, as 
marked by E-cadherin. We found that as airways proximalize Crb3 expression increases, 
and does so precisely in the regions where Yap leaves the nucleus. Similar correlation 
was observed in vitro during airway progenitor differentiation in ALI cultures where we 
found that the expression and asymmetric distribution of Crb3 occurred subsequent to 
adherens and tight junction formation, but precisely matched the restriction of Yap from 
the nucleus. Therefore, Crb3 appears to organize a specific type of polarity within airway 
epithelial cells that is required for Hippo pathway-mediated Yap control.  
At the molecular level Crb3 promotes the apical domain identity, in part by 
promoting the assembly of an evolutionary conserved protein complex.112 Studies from 
Drosophila have indicated that this complex consists of proteins that directly interact 
with the Yap homolog Yorkie, such as the FERM-domain protein Expanded, and suggest  
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Figure 2.15. Model for how cell polarity integrates with Hippo pathway signaling to 
control cell fate in the proximal airways 
In wild type airways, apical Crb3 bridges interactions between Lats1/2 and Yap, 
promoting Yap phosphorylation and differentiation of luminal cells. Krt5+ basal cells 
remain apolar, and nuclear Yap maintains basal identity. Crb3-deleted airways fail to 
initiate Lats1/2-Yap interactions at the apical domain, resulting in persistent nuclear Yap 
activity which maintains a Krt5+ basal identity, even in luminal cells. 
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that Crumbs scaffolds these proteins to promote Hippo pathway activity and possibly 
directly sequester Yorkie to restrict its nuclear activity.154,156,157 Our observations suggest 
that similar mechanisms exist in the lung epithelium, and implicate this regulatory 
mechanism as an essential determinant of cell differentiation. Defining the precise roles 
of Crb3 in Yap regulation, however, is complicated by the general dysregulation of other 
polarity proteins in Crb3-null airways. Moreover, we found that loss of polarity resulting 
from the disruption of E-cadherin-mediated adhesion also increased nuclear Yap 
accumulation, indicating that the loss apical polarity by other means also affects Yap 
regulation, which is consistent with prior work in other tissues.120,121 Therefore, it is 
likely that other proteins and/or environmental factors that affect Crb3 localization and 
the formation or maintenance of the apical domain will influence Yap regulation and alter 
airway epithelial function.  
Notably, our study of Crb3-null lungs revealed striking cell fate defects, most 
obvious of which was the inability for the Sox2-positive population to differentiate into 
mature airway cells. We did not observe defects in the ability for distal Sox9-positive 
progenitors to pattern into Sox2-positive cells. These observations are consistent with 
Yap acting as the primary effector of the cell fate defects in the Crb3-null airways, as 
nuclear Yap induces Sox2 expression to pattern distal to proximal progenitor fate, but 
aberrant differentiation results from an inability to restrict the nuclear Yap signal. Based 
on these data we propose that establishment of apical-basal polarity immediately 
following the distal-proximal “transition zone” serves to direct cytoplasmic Yap in 
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proximal airways, and that this shift in Yap localization is critical for epithelial progenitor 
maturation that eventually gives rise to the luminal lineages of the airways. 
Our observations reveal that differences in epithelial cell polarity also direct the 
signals required for progenitor identity in basal cells that arise later in airway 
development and persist into adulthood. In developing upper airways, we observed that 
p63-positive cells always lacked polarized Crb3 and Scrib localization and exhibited 
nuclear Yap, even in regions where these cells aligned in the same plane as their 
neighbors. Also, deletion of Crb3 resulted in luminal airway cells attaining Krt5 
progenitor marker expression, indicating that Crb3 expression is required to repress 
progenitor identity. These luminal cells mirrored those that undergo dedifferentiation 
from ectopic nuclear Yap expression144, with cells losing their identity and exhibiting 
both progenitor markers and luminal differentiation markers. Thus, luminal cell 
populations in Crb3null airways likely represent intermediates between the differentiated 
and basal progenitor state. Such immature airway epithelial cells have been described in 
other studies201,202, and thus our work potentially offers insight into their origin. Notably, 
cells co-expressing Krt5 and p63 were only observed in the basal layer of Crb3-cnull 
airways, suggesting that while nuclear Yap can direct p63-regulated transcriptional 
events to promote the status of basal progenitor cells144, it is likely additional signals, 
possibly those from the basal matrix, crosstalk with nuclear Yap to facilitate this 
primitive state.  
Developmental mechanisms directing polarity differences in airways are 
unknown, but recent work has suggested that epithelial airway integrity is regulated by 
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the Grainyhead-like 2 transcription factor.203,204,205 Grainyhead-like 2 induces the 
expression of Scrib, offering one potential mechanism for how early polarity changes 
may be induced in the proximal airway, and Scrib fidelity is critical for airway epithelial 
integrity.203,206 Other attractive mechanisms for changes in cell polarity involve local 
mechanical differences and signals from the underlying matrix that arise during 
morphogenesis of the tubules. Mechanical cues that affect actin cytoskeleton dynamics 
are known to associate with those controlling Yap localization, and thus these signals 
may transduce polarity changes.107 However, mechanical cues may also impact Yap 
localization independent of polarity, which is supported by our observation that reduced 
nuclear Yap localization was sometimes observed in compacted regions in the Crb3-null 
airways. Thus, Crb3-independent mechanisms may also have roles in directing Yap 
activity under some circumstances.  
Our analysis of how Crb3 and cell polarity integrates with cell fate has 
implications beyond development and likely plays key roles in epithelial regeneration and 
disease progression. It is almost certain that epithelial tissue damage results in aberrant 
cell polarity, and consequent altered downstream signals in damaged epithelium may 
therefore influence defective cell fate events often observed in diseases.8 Given the 
described roles of Yap activity in tissue overgrowth and cancer117, and the fact that loss 
of epithelial polarity is a hallmark of carcinoma progression207, it is also likely that loss of 
polarity-mediated control of Yap is linked to its roles in lung cancer progression.208,209 
Indeed, our analysis shows increased proliferation of airway epithelium lacking Crb3, 
leading to a stratified morphology resembling pre-malignant epithelium. 
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Taken together, our data demonstrate a direct and functional link between apical-
basal polarization and Yap in the lung epithelium, offering novel molecular insights into 
the control of airway epithelial patterning. Since Yap is emerging as an essential mediator 
of cell fate in the development of many organs87, it is likely that regulation of Yap 
localization by cell polarity cues will provide a general molecular mechanism that links 
organ morphogenesis and patterning. 
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GENERAL DISCUSSION AND FUTURE DIRECTIONS 
The role of Yap in branching morphogenesis and cell fate specification 
 The work presented here uncovers essential roles for Yap and its upstream 
regulation in the patterning, morphogenesis, and differentiation of both the lung and 
SMG epithelium. In addition, polarity-mediated control of Hippo activity by the Crb3 
complex and the Lats1/2 kinases is crucial for proper epithelial differentiation.  
 We show that in the developing SMG, nuclear Yap activity promotes the 
expansion and maintenance of SMG epithelial ductal progenitors by engendering a 
transcriptional profile that includes expression of the EGFR ligand Ereg. Nuclear Yap 
localization correlates with expression of the progenitor markers Krt5 and Krt14, and loss 
of Yap in the developing SMG reduces expression of these markers with consequent 
morphogenesis and branching defects, namely a complete lack of ductal structures. Ereg 
expression is also significantly reduced without Yap, suggesting that Yap maintains a 
Krt5/Krt14 progenitor niche that is dependent on Ereg/EGFR signaling.  
 Yap’s role in the SMG is coupled to its regulation by the Hippo pathway, as 
deletion of the Hippo kinases Lats1/2, which serve to remove Yap from the nucleus, 
greatly expands the Krt5/Krt14 ductal progenitor population through unrestricted nuclear 
Yap activity and elevated expression of Ereg. Lats1/2-depleted ducts fail to mature and 
exhibit deregulated proliferation, growing to an augmented size at the expense of distal 
buds. Chemical inhibition of EGFR-signaling is able to blunt the growth of Lats1/2 
deficient SMGs, and phenocopies Yap ablation in WT glands. This supports a model in 
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which a Yap/Ereg/EGFR progenitor niche is critical for ductal morphogenesis, and that 
control of Yap by the Lats1/2 kinases is necessary for duct maturation. 
 The Yap-cnull phenotype in the SMG is reminiscent of the Yap-cnull lung.141 
Both organs lack proximal epithelial specification and branching morphology, but were 
able to generate distal phenotypes as marked by Sox9 in the lung and Sox10 in the SMG 
(Figure 1.2, 1.4, 1.5).141 Interestingly, Yap localization is nuclear in distal regions in both 
organs, and shifts into the cytoplasm in proximal regions (Figure 1.1).141 
Mechanistically, the means by which Yap patterns the proximal domain in each organ is 
distinct, with Yap/TGFβ synergy directing Sox2 positive proximal lung fate and 
Yap/Ereg/EGFR signaling maintaining SMG ductal progenitor specification (Figure 1.7, 
1.8).141 Intriguingly, Sox2 was also one of the top downregulated genes in Yap-cnull 
SMGs (Table 4), but the relevance of Sox2 positivity in the SMG is unclear. Based on IF 
staining, Sox2 marks a subpopulation of Krt5-expressing cells in SMG ductal 
epithelium7, so it could be possible that a Sox2/Krt5 positive cell is the same cell that 
exhibits nuclear Yap and secretes Ereg to support ductal progression (Figure 1.1). Sox2 
positive cells represent an important stem cell population in many epithelial tissues210 and 
are amplified in lung and SMG cancers.211,212 Further investigation into the relationship 
between Yap activity and Sox2 expression will provide insight into unique progenitor 
populations in epithelial tissues. Indeed, a Yap/Sox2 axis has been shown to regulate 
differentiation potential and fate in other systems.213-217  
 While it is clear that Yap nucleocytoplasmic dynamics are involved in lung and 
SMG branching morphogenesis, it is highly likely that this role expands beyond Sox2 
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specification as seen in the lung and Ereg/EGFR signaling as seen in the SMG.141 
Branching morphogenesis involves synchronization between many morphogens, and the 
Hippo pathway has been shown to regulate several of these.111,137,141,143,190 In both the 
lung and SMG, FGF signaling is a central mediator of branching events3,4, and nuclear 
Yap localization is observed in distal regions where this is taking place (Figure1.1).141 
There is evidence for developmental crosstalk between Yap and FGF in other 
systems218,219, so it is possible that nuclear Yap may facilitate FGF signals important for 
budding events. In the lung, FGFR is a major target of Yap144,190, so it is also possible 
that Yap regulates distal fate by enhancing FGF signaling through receptor expression. In 
addition to FGF, the Wnt signaling pathway is involved in proximal-distal patterning in 
both organs3,4 and has been shown to be affected by Yap localization.137 In the lung, 
distal Wnt activity promotes distal patterning28,29, and nuclear Yap may serve to 
potentiate this signal in budding regions. Yap knockout lungs do not fail to specify distal 
regions, but they are hypoplastic and immature, so Yap/Wnt synergy in these cells may 
enhance their specification, expansion, and distal identity.141 Interestingly, Wnt plays the 
opposite role in SMG branching, where it promotes ductal maturation and Krt5 expansion 
through antagonism with FGF.169 Whether Yap serves to integrate these signals during 
SMG branching requires further investigation. 
TGFβ and Hippo synergy in the lung occurs at sites that are undergoing extensive 
ECM remodeling to facilitate branching, and TGFβ signaling is well known to be 
involved in ECM synthesis.4,220-222 Likewise, Yap deficient SMGs fail to exhibit clefting 
morphology, a process that is dependent on ECM dynamics.3 Yap is a known 
 103 
mechanosensor and also stimulates ECM production107,223, so it is likely that nuclear Yap 
activity plays a role in branching morphogenesis by regulating ECM content. Yap and 
TGFβ regulation of these processes is best evidenced by their synergistic roles in 
promoting EMT through Snai2 and Twist.224,225 Likewise, Yap is known to regulate the 
localization and activity of the SMAD proteins in other contexts.111,142,143 In both the lung 
and the SMG, epithelial-mesenchymal crosstalk is an integral part of branching and 
clefting, respectively.3,4 Yap nuclear activity likely enhances this aspect of 
morphogenesis by promoting cell-ECM interactions over cell-cell interactions. In the 
lung, Yap upregulates integrin expression (Itgα6 and Itgβ4)144,190 and may stimulate cell-
ECM adhesion in this manner. Compelling evidence for an ECM-mediated role for Yap 
in clefting morphology is the striking resemblance between Yap-cnull SMGs and Lama5-
cnull SMGs (Figure 1.2).55 Depletion of Lama5 in SMGs results in a cystic SMG that 
fails to cleft and form ductal structures, and offers insight into potential additional roles 
for nuclear Yap during clefting.55 Yap may serve to upregulate ECM synthesis and 
integrin expression in the SMG to facilitate cleft formation and stability.  
Cytoskeletal dynamics play a key role in Yap localization107, and manifestation of 
cytoskeletal cues by ROCK1 signaling is a critical component of SMG branching.3 It is 
likely that Yap relays mechanical information during SMG development to direct clefting 
morphogenesis. Indeed, Lats1/2 deficient SMGs, which have unrestricted nuclear Yap, 
exhibit disorganized F-actin (Figure 1.10). Whether Yap lies upstream or downstream of 
ROCK1 signaling in this system is unknown, but the pathways are likely interconnected. 
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Innervation of the SMG by the PSG adds an additional layer of cell crosstalk 
complexity. It is evident that Yap-cnull SMGs are innervated to a certain extent (Figure 
1.4, 1.8), but the significance of this in the context of Yap-cnull progenitor depletion is 
difficult to interpret. Krt14 positive progenitors in the developing SMG secrete 
neurotrophic factors that promote the survival of innervating neurons.69 In return, the 
PSG enhances Krt5 progenitor expansion in and EGFR-dependent manner.69 However, it 
remains unclear if the PSG itself supplies EGFR ligands directly, or stimulates the 
epithelium to do so. Our data on Ereg indicates that it is in fact the epithelium that 
supplies this specific EGFR ligand (Figure 1.8), but that does not eliminate the 
possibility that the PSG is also independently involved in stimulating EGFR. The fact 
that the PSG/Krt5 progenitors are involved in a positive feedback loop requires additional 
genetic models with conditional cre deletion in order to tease apart this mechanism 
precisely. In both organs, careful explants cultures with various combinations of 
morphogens and genetic disruption will shed light onto the precise relationship between 
Yap and other signaling entities. 
The role of polarity in epithelial maturation 
In addition to expanding upon the roles of Yap in epithelial development, this 
work also demonstrates that polarity cues, mediated by Crb3, are critical for stimulating 
Hippo activity and ensuring epithelial maturation. We show that the expression and 
polarization of Crb3, a determinant of the epithelial apical domain112, in the proximal 
domain of the developing lung correlates with cytoplasmic Yap localization. Further, this 
relationship is also reflected in the pseudostratified airway, where basal stem cells that 
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lack Crb3 display nuclear Yap and differentiated luminal cells with Crb3 exhibit 
cytoplasmic Yap. This relationship is functional, as both isolated airway progenitors and 
mouse airways depleted of Crb3 show unregulated nuclear Yap activity and retain 
progenitor identity. Furthermore, Crb3 functions to bridge interactions between Yap and 
the Hippo kinases Lats1/2 at the apical domain to facilitate Yap phosphorylation and 
cytoplasmic retention. This work identifies the apical surface of epithelial cells as an 
important signaling hub, integrating tissue architectural information with cell fate 
decisions.  
The fate defects uncovered here support a precise coupling of Crb3-mediated 
polarization to Yap cell-fate-determining activity. Airway cells lacking Crb3 fail to 
mature, and exhibit a cell fate profile similar to airway cells overexpressing Yap (Figure 
2.7, 2.8, 2.12).144 The relationship between known Yap targets in basal cells and cell fate 
decisions is intriguing, as Yap promotes the expression of EGFR and FGFR.144,190 Basal 
cells are known to rapidly respond to injury70,71, and thus must express the receptors 
necessary to respond to mitogenic ligands. Distinct from its branching roles, FGF signals 
in the airway promote basal cell expansion and inhibit their differentiation.226,227 
Therefore, FGFR as a Yap target in basal cells may help prime them for proliferative 
responses. It is also interesting that EGFR is a Yap target, since in the SMG it is clear that 
EGFR signaling is important for progenitor maintenance. It is possible that a similar 
mechanism is at play in the lung like what we observed in the SMG in terms of 
progenitor-inducing signals. 
 106 
Yap also induces the expression of integrins in basal cells, specifically integrin 
alpha 6 and integrin beta 4.144,190 Integrin expression is a fundamental characteristic of 
basal cell identity, and played a significant part in their original isolation as flow 
cytometry targeted surface proteins.70 Basal cells are by definition intimately involved 
with the underlying ECM,70,71 as are many epithelial progenitor populations, and Yap 
thus enhances this transcriptionally. Interestingly, Crb3-deleted airways only exhibited 
luminal expansion of the basal cell marker Krt5, but not the other bona fide marker p63, 
which remained only on the basal layer (Figure 2.12). Perhaps additional signals, those 
mediated by integrin signaling or mechanical cues, are required for p63 expansion into 
the lumen. 
Maturing SMG ducts require epithelial polarization in order to fully differentiate 
and create a lumen.175 This again requires innervation from the PSG, which secretes 
vasoactive intestinal peptide (VIP) to the epithelium which induces polarity.175 
Interestingly, activated Lats1/2 is polarized to the apical domain in SMG ductal 
epithelium, reminiscent of its pattern in the airway (Figure 1.9, 2.13). It is likely that a 
similar mechanism is at play in the SMG as in the lung, whereby Lats1/2 regulation of 
Yap localization is coupled to the apical domain of ductal cells. However, further study 
of polarity proteins, such as Crb3, in the SMG will be necessary to make that conclusion. 
Additionally, the lung epithelium polarizes without instruction by a neuronal niche, so it 
is likely that organ-specific mechanisms exist.  
Identifying factors upstream of epithelial polarization will shed much needed 
insight into tissue architectural development. It is clear that mechanical and 
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morphological differences play a role, and may regulate the expression of polarity 
determinants, but so far this remains unknown. 
Disease relevance 
 Uncontrolled progenitor expansion is a hallmark of cancers, and the Hippo 
pathway plays a prominent role in this aspect of cancer biology.117,207-209 Likewise, 
disruption of epithelial architecture is often observed during tumor progression.207-209 The 
relationship between Crb3 and Yap may reflect this, and aberrant Crb3-mediated 
epithelial polarity may be a driver of early pre-malignancy. Indeed, Crb3-deleted airways 
resemble squamous metaplasia (Figure 2.10) and exhibit intermediate basal-luminal 
mixed lineages often seen in airway disease (Figure 2.12).71,190 The luminal expansion of 
Krt5 positive cells preceding the luminal expansion of p63 positive cells is often seen in 
lung cancer212, which we also see in Crb3-deleted airways (Figure 2.12). This may 
reflect a requirement for additional signals to maintain p63 status vs. Krt5 status. Salivary 
gland cancers are marked by high expression of Sox2, Krt5, and Krt14211, which 
implicates Yap as a driver of salivary tumors as well.   
 Sjogren’s disease is a debilitating autoimmune disorder affecting salivary 
function, and aberrant Yap localization has been observed in patient tissues.184 Likewise, 
an expansion of Krt5 positive cells is a hallmark of disease progression.191 Since 
hyperactive Yap promotes the specification of Krt5 positive cells over distal lineages 
(Figure 1.10), it is possible that aberrant nuclear Yap enacts this same fate switch in 
diseased adult SMGs. Sjogren’s disease is also marked by significant immune infiltrate, 
as measure by focal score, which assesses lymphoid foci.228 Hyperactive Yap signaling 
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may induce the secretion of factors that enhance this effect, since secreted factors were a 
significant portion of genes regulated by Yap in SMGs (Figure 1.7). Furthermore, 
Sjogren’s disease also presents with disrupted cellular architecture191, so there may be a 
polarity/Yap axis at play in early pathogenesis.  
Conclusion 
 Overall, the data presented here strengthens known themes of Hippo pathway 
biology while also opening exciting new avenues for research. The precise relationship 
between epithelial polarity, Hippo signaling, and the acquisition of cell fate likely offers a 
mode of regulation present in other tissues, but further investigation is required. The 
organ-specificity highlighted here emphasizes the importance of extending similar studies 
into additional organs. Finally, Hippo integration of structural information with cell fate 
determination, amongst a multitude of other inputs, makes it an exhilarating time to study 
these complex developmental events. 
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